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(57) A system for sensing subterranean acoustic wanres emitted jfrom an acoustic source includes a plurality of laser 
sources (LS1-LS6), a plurality of subterranean optical sensors (1000), at least one optical detector (D1-D16), and 
electronics (601). The laso" sources each emit light at a differait frequaicy. The subterranean optical sensors are 
hydrophones (1 000) that receive the light and alter the light in reqwnse to the acoustic waves. The optical detector (D 1 - 
D16) receiyes the altaed light and outputs an ekclrical signal The electronics (601) receives flie electrical signal and 
converts it into seismic data format The hydrophones (1 000) are able to opwate at pressures of at least 5,000 psi and 
temperatures of at least 130 degrees Celsius. The hydrophone (1000) may be housed in a cable (1002) having a 
diameto- of less than about 1 .5 inches. The hydrq>h(Hie's soosor prefoably mdudes a reference mandrel (1 1 10), two 
sensing mandrels (1 1 20), and a telemetry can (1 1 04), all of which are aligned in a coaxial, end-to-eod configuraticai to 
reduce the profile of the hydrophone (1000). Flexible interiinks (1296) having grooves thoein for receiving optical 
fiber job the mandrels (1110, 1120) together. The reference mandcd (1110) and scaising mandrels (1120) 
advantageously have hetni^herically-shaped endcaps (1 264), pannittiDg than to operate at high pressure. 
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ACOUSTIC SENSINiG SYSTEM FOR DOWNHOLE SEISMIC 
APPLICATIONS UTILIZING AN ARRAY OF FIBER OPTIC SENSORS 

Abstract of the Disclosure 

A syston for sensing subtecranean acoustic waves emitted from an acoustic 
source includes a plurality of laser sources (LS1-LS6)» a plurality of subtCTanean 
optical sensors (1000), at least one optical detector (pi-D16)» and electronics 
(601). The lasor sources each emit light at a dififeroit frequmcy. The subterranean 
optical sensors are hydrophones (1000) that recdve the light and alter the light in 
response to the acoustic waves. The optical detector (DI-D16) receives the altered 
light and outputs an electrical signal. The electronics (601) receives the electrical 
signal and converts it into seismic data format The hydrophones (1 000) are able to 
operate at pressures of at least 5,000 psi and temperatures of at least 130 degrees 
Celsius. The hydrophone (1000) may be boused in a cable (1002) having a 
diameter of less flian about LS indies. The hydrophone's sensor preferably 
includes a refoence mandrel (1 1 lOX two sensing mandrels (1 120)» and a telemetiy 
can (1104)» all of which are aligned in a coaxial, end-to-end configuration to 
reduce the jnofile of the hydrophcme (1000). Flexible interlinks (1296) having 
grooves therein for receiving optical fibo* join the mandrels (1110, 1120) tog^i^. 
The reference mandrel (1110) and soismg mandrels (1120) advantageously have 
hemiq>hQricalIy-sh^ed mdcaps (1264), pemiitting them to q>erate at high 
pressure. 
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ACOUSTIC SENSING SYSTEM FOR DOWNHOLE SEISMIC 
APPLICATIONS UTILIZING AN ARRAY OF FIBER OPTIC SENSORS 

Background of the Invgntion 

Field of the Invention 

The present inveniioQ relates generally to acoustic sensing systems, and 
more spedfically relates to a system for sensing acoustic waves ccmiprising an 
acoustic smsor array. 

Description of the Related Art 

Typically, to obtain oil, a well or hole is dug by drilling and removing earth 
fiom the ground to form a shaft known as a **bordiole,'* wbioh extends to the 
bottom of the wdh Generally, a large m^ pipe or casing will be inserted into the 
bordiole. Smaller pipes, known as jroducticm tubes, are inserted into the casmg. 
These production tubes allow access to flie bottom of the wdl. For example, oil 
may be drawn fiom the well through the production tubing. 

Ultimately, the well will ^pear to go dry. Despite the parent ladk of oil 
within the well, vast sqiplies of oil are often trzpped in pock^ in the earth nearby 
the well. These pockets, however, are generally inaccessible to the drilled well. 
To> locate sudi pockets, known in the art as ^'in-^place^ reserves, geologists conduct 
surv^ of swaths of earth sunnounding the wells. Geologists employ tecfamques 
like cross^well tomognqAy in which acoustic waves are transmitted through a 
volume of earfli to characterize properties, sudi as density; in fliat volume. 
Knowledge of the dn^ty of Ae eailh helps d^ennin^ the jnesence or absence of 
oil in the regicm of the earth being cfaaractoized. 

To sorv^ the transmission diaracteristics of a r^on of the earth, an 
acoustic wave source can be used to generate acoustic waves, i.e., sound, while an 
array of acoustic sensors detects these acoustic waves. Gently, each of the 
sensors in the array will be situated at a difTCTent location. The acoustic waves 
CTutted fit>m the acoustic source are thus sampled at a plurality of points which 
typically make up a line. By changing the location of the acoustic source, the 
location of the sensor array, or both, the transmission characteristics of a volume of 
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earth may be measured. In this manner^ a three-dimeDsional map. of. the density 
throughout a region of earth can be produced. 

Allfaou^ some prior art techniques rely on acousdc sources and/or sensor 
arrays situated on the surface of the earthy placing the acoustic sources and soisor 
arrays deq> within the earfli is more effective for surv^ing lower regions of the 
earfli, To conduct measurements deq> within the earth, a probe can be lowered into 
tfaewdl. 

Howevo; the fiailty of conventional prior art soisors prevents prior art 
s^osor arrays fiom being employed deq> within a welL Conventioiud sensor arrays 
employ piezoelectric transduce (or piezos) to convert vibrations originating from 
the acoustic waves into electronic ^gnals. Since a piezoelectric transduce outputs 
only a small signal, an electrcHiic preamplifio- must be mounted near the piezo to 
•prevent noise fiom overwhelming the small transducer signal. Electronics, 
however, are incompatible witti the harsh environmental conditions, such as hi^ 
traq>erature and pressure, that prevail deq> within die earth. Even preanq>lifier5 
designed to survive hig^ tmqperature have a short lifetime and may last, for 
example, only for one hour under harsh conditions. Thus, the requirement for an 
electronic preamplifier prevrats piezoelectric transducers fiom being enq>loyed 
deep wiflun a welL 

Fiber optic srasors, on the odier hand, are electrically passive devices. Tliat 
is, they do not require electrical compcments or external electrical cormections. 
Thus they are less susceptible to the harshness associated with high tonpaature, 
high pressure CTvirorunmts. Furdiamore, fiber optic sensors avoid the 
ravironmental problons associated with electrical components, e.g., the 
electrranagnetic interference that arises y/hca electrical conoponents are placed in 
file presCTce of transmisrion lines. For these reasons, fiber qptic sCTSors are 
sometimes used in hydrophones operating under harsh envinmmatal conditions. 

Fiber optic hydrophmies can gwerally be classified into two cat^ories. 
Hydrcfihones of flie air backed mandrel design have a hollow, sealed cavity that 
deforms in response to acoustic fnessure, so that strain is transfoned to the fiber 
wrapped around the mandrel. Other, less sensitive, fiber optic hydrophone designs 
record the effects of pressure directly on the fiber itself, e.g., the fiber may be 
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wrapped around a solid body. Fiber optic hydrophones with high sensitivity (i.e^ 
air backed mandrd hydrophones) are generally limited to operating pressures of 
less than about 5000 pounds per square indi (pA) and teiiq>eratures of less than 
about 1 2Q^C Outside this range^ flie materials used in ttie mandrels of air badced 
mandrel hydrophones defimn excessive^. For exanq>le, polycarbonate plastic 
defimns at these temperatures^ whraeas metals such as aluminum budle 
inelastically when subjected to high pressures. On die otho- hand» fiber c^tic 
hydrophones utilizing solid bodies or fiber for acoustic transduction typically have 
much lower soisitivities. 

In addition to operating limitations on pressure and temperature, current 
fiber optic hydrophones are generally bulky, and may have large cross sections that 
do not lend themselves to use in applications wfaoe compactness is essential, e.g^ 
in commercial petrochemical wells and boreholes. Tlius, there is a need for a fiber 
optic hydrq>hone having a relatively small cross section and the ability to 
withstarKl higih pressures and temperatures. 

hi addition to restrictions on the placement of the prior art acoustic arrays, 
limitations exist on the immber of sensors that may be employed in prior art 
acoustic arrays. With a larg^ numba of sosors more infi^rmation must be 
processed. Limitations on tfie amount of information that can be processed witinn 
a reasonable amount'of time restrict the number of sensors that can be used. 
Higher resolution m^s, however, can be achieved with a largo* number of sensors. 

Thus, a need exists for a system for srasing acoustic waves that is rugged 
enough to operate in the tmsh downhole environmmt and accommodates a large 
number of sensors. 

Systems accommodating a large number of sc^isors may heacGi fiom the 
use of multiplexing, in whidi multiple signals are communicated witiiin a single 
line. One common approach^ known as frequent diviriom multiplexing (FDKQ, 
<^>erate$ by rnodulating a carrier wave at a nurnbo* of different fie^^ 
the number of signals dxat are to be multq>lexed. When FDM is qiplied to a 
syston using interferometric sensors, the multiplexed signal includes signal 
compon^ts not just at the modulation firequencies, but at all harmonic frequencies 
of the modulation frequencies as well. For such a syston, the multiplexed signal 
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may be danuldplexed flirough detection of the signal componeots at the 
modulation and fiist harmonic frequencies^ provided these conqponents do not 
overlap (in frequency) one another* or any c(Hiq)onent5 at the higher harmonics. 
Such overlap may be prevented by selecting modulation frequencies that are 
sufBdently large and separated that the lowest second order harmonic con^x>nent 
exceeds the fairest first hamuMuc conq>onent Tliis leads to large bands of unused 
frequency between DC and the highest frequency signal conq>onent detected 
However, to keq> the signal processing electronics simple it is preferable to keep 
the maximum fi^uency detected as low as possible. Thus, a need exists for a 
method of selecting a set of FDM modulation frequencies having as low a 
maximum frequency as possible while maintaining fundamental and first harmonic 
signal componmts that are not overlqyped by other signal components. 

Summary of the Inventicm 

In one embodiment, there is provided a hydrophone for seising acoustic 
signals in a harsh environmrat, in which the hydrophone includes an input optical 
Gbet that receives an input optical signal from an optical source, and frirther 
includes an uqmt hydrophone coiq[>ler that coiq>les the input c^tical signal to a 
reference fibCT and to a sensing fiber. The hydrophone also includes a reference 
mandrel onto which the reference fiber is wound (in T^ch the referrace mandrel is 
substantially insensitive to the acoustic signals to reduce die effect of the acoustic 
signals on the refermce fibo) and at least one sensing mandrel onto ^v^ch ttie 
soising fiber is wound (jn whidi the soising mandrel i^ responsive to the acoustic 
signals and coiq>les the acoustic dgnals to Ae sensing Sber by causing the sensing 
fibar to change in length in response to the acoustic signals). The hydrof^one 
further includes an ou^ut hydrophone coupler that receives an optical signal from 
flie referrace fiber and receives an optical signal from the sensing fib» to produce 
an output signal to the output optical fiber. There is fiirther provided a protective 
layer around the refCTence mandrel and the sensing mandrel to protect the reference 
mandrel and the sensing mandrel from a commvc aivironment In cme preferred 
embodiment, the protective layo" has an outside diameter of less tfian 
q)proximately 1.5 inches. The sensing mandrel conqprises a material selected to 
withstand a pressure of at least 5,000 pounds per square inch and a temperature of 


CA 02320449 2000-09-21 


at least 130 degrees Cekhis.- Moie preferably^ the seosing mandxel malerial-is 
selected to withstand a pressure of at least 8000 pounds per square inch and a 
tecnperatnre of at least 150 degrees Celsius. In one preferred embodiment, tiie 
soising.mandrd material is a plastic material such as Torlon™^ 5030 or Celazole™ 
FBI and has a maximimi continuous service temperature in air of at least about 
500 ""F and a t»sile strraigth (measured at 73 *T) of at least about 23,000-24,000 
psi- The refermce fiber and the sensing fiber may advantageously form a Mach- 
Zehndor^ Fabry-Peiot, or Michelson interf^meter. In a prefened CTibodiment» 
the hydrc^hone comprises a second SCTsing mandreL 

In anofb^ embodiment, there is im>vided a hydrophone for sensmg acoustic 
signals which includes an iiq>ut optical Gber that receives an uq>ut <^tical signal 
fiom an optical source and an input hydrophone couplo* that coiq>les flie iiq>ut 
optical ^gnal ta a reference fibo- and to a soQsmg fib^. The hydrophone further 
includes a reference mandrel onto vAidh flie referaice fiber is wound (in which die 
reforace mandrel is substantially insensitive to the acoustic dgnals to reduce the 
effect of the acoustic signals on the ref^oice fibo) and at least ooo soismg 
mandrel onto which the sensing fibo* is wound (in whidi die senang mandrel is 
respondve to the acoustic signals and couples the acoustic signals to the sensing 
fiber by causing the sensing fiber to change in length in re^x)nse to the acoustic 
signals). The hydrophone fiirther includes an ou^ut hydrophone coi^ler that 
receives an optical signal from the reference fiber and recdves an optical signal 
from the sensing fiber to produce an output signal to the output optical fiber. In 
this embodimCTt, the reference mandrd and the sensing mandrel are arranged in an 
end-to-CTd configuration to reduce die profile of the hydrc^hone. In one preened 
embodimoit, the hydrophone includes a second smsing mandrel^ in ^iriucfa die 
reference mandrd and the sensing mandrels are arranged in an end-to-end 
configuration to reduce the profile of the hydrq>hone. The IiydroplM>ne m^ also 
inchide a telonetry can, in which the telonetiy cmi, the refmnce mandrel, and the 
sensing mandrel are arranged in an end-to-rad configuration to reduce the profile 
of the hydrophone. In a preferred embodimCTt, the hydrophone fiirdia* includes a 
cover over the refermce mandrel, in which the cover acts as a pressure bufT^ to 
reduce the sensitivity of the referaicc mandrel to acoustic signals. 
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In yet another anbodimenty is provided a hydrophone for sensing 
acoustic signals^ which includes an input optical fiber that receives an input optical 
signal from an optical source, arxl an input hydrophone cotq>ler that couples tfie 
input optical signal to a refermce fiber and to a sensing fiber. The hydrophone 
finflier includes a referoice mandrel onto which the reference Sber is wound (in 
which the refoeoce mandrd is substantially insensitive to the acoustic signals to 
reduce the effect of the acoustic signals oii the reference fiber) and at least one 
sCTsing mandrel onto which the sensing fiber is wound (in which the SCTsing 
mandrel is responsive to tiie acoustic signals and couples the acoustic signals to the 
sensing fiber by causing the srasiog fib^ to change in length in response to the 
acoustic signals). The hydrophone further includes an output hydrophone coiq)ler 
that recdves an optical signal fiom the re&rrace fiber and receives an optical 
signal firom the sensing fiber to produce an output dgnal to the output optical fiber. 
Furtfaor^ there is provided a flexible interlink for receiving one of the fibers, in 
which the interlink jmns Ibc reference mandrel and die sensing mandreL In one 
preferred embodiment, this fiber is the sensing fiber. The interlink may compose 
polynr^ane and be hard-potted so that the fiber is encapsulated In a preferred 
CTibodimrat, the flexible interlink has a groove therrai for receiving one of the 
fibos. In one prefened mbodiment, the intedhdc comprises at least two grooves 
for accq>ting two fibers, wfaeidn the respective depths of the two grooves are 
selected to differ by at least the width of one of the fibers. 

In yet anath^ raibodiment, there is provided a hydrophone fi>r sensing 
acoustic signals in a harsh environmrat which includes an input optical fibo* that 
receives an input optical signal fiom an optical source, and an isput hydrophone 
coupler that couples the input optical signal to a refoence fiber and to a sensing 
fiber. The hydn^hone fintber includes a reference mandrel onto \^ch the 
reference fiber is wound 0n windx the ref^ence mandrel is substantially 
insensitive to the acoustic signals to reduce flie effect of the acoustic signals cm the 
reference fiber) and at least one sensing mandrel cmto which the sensing fibo^ is 
wound (in i^^ch the sensing mandrel is respcmsive to the acoustic signals and 
couples the acoustic rignals to the soising fiber by causing the sensing fibo- to 
diange in length in refuse to the acoustic signals). The hydrophone finlfaer 
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includes an output hydrophone coiq[>Ier that recdyes an optical , signal from the 
reference fiber and recdves an optical signal firom the sensing fiber to produce an 
ou^mt dgnal to the ou^ut optical fiber. In this embodiment, at least one of the 
mandrels has at least one convex-shq>ed endcq> that withstands a pressure of at 
least 4»000 pounds per square inch. In a p re f erred mbodiment, the endcap is 
hemiqplierically-shq>ed. 

In stiU another embodiment, there is provided a hydrophone for snsing 
acoustic signals in a harsh environment, in which the hydrophone includes an input 
optical fiber that recdves an input optical signal fiom an optical source, and fiirther 
includes an input hydrophone coupler that couples the input optical signal to a 
refoCTce fiber and to a sensing fiber. The hydrophone also includes a reference 
mandrel onto whidi die referoice fiber is wound (in which the reference mandrel is 
substantially insensitive to the acoustic signals to reduce the effect of the acoustic 
agnals on the reference fiber) and at least one sen^g mandrel onto ^vrindi the 
sosing fiber is wound Qn which the soi^ng mandrel is responsive to the acoustic 
signals and coiq>Ies the acoustic signals to tfie soising fiber by causing the sensing 
fiber to diange in length in response to tfie acoustic signals). The hydrophone 
fintfaer includes an output hydrt^hone coupler that recdves an optical dgnal fiom 
the reference fiber and recdves an optical signal firom the sensing fiber to produce 
an output signal to die output optical fiber. The hydrophone prefmbly comprises 
amaterial selected to witiistand a temperature of at least 180 degrees Cel^us and a 
pressure of at least 5,000 pounds per square inch, or more prefisably 8,000 pounds 
per square inch. StiU more preferably, the hydrophone comprises a material 
selected to withstand a tempoature of at least 200 degrees Celsius and a pressure 
of at least 5,000 pounds per square indi, or most preferably 8,000 pounds pa* 
square inch. 

Anodier aspcdt of fiie present invention is a hydrophone for sensing 
acoustic signals in a har^ environment The hydrophone comprises an optical 
fiber that recdves an ii^>ut optical signal fiom an optical source. At least one 
sen^ng mandrd is included onto which a sensing fiber is wound. The sensing 
mandrel is responsive to die acoustic signals and couples the acoustic signals to the 
sensing fiber by can^g die sensing fib^ to change in lengtii in response to the 


CA 02320449 2000-09-21 

acoustic signals. The sensing mandrel comprises a material selected to withstand a., 
pressure of at least 5»000 pounds per square inch and a temperature of at least 130 
d^;[ees Celsius. A hydrophone coupler couples the input optical signal to the 
sen^g fiber and recdves an c^tical signal fiom the sensing fib^. The 
hydrophone coiqpler produces an ou^nit signal to the ou1|>ut optical fiber. A 
protective layer around the sensing mandrd protects the sensing msmdrd finom a 
corrosive environment. 

Brief Descajption of the Drawings 

The present invention will be desoibed in d^ail below in comiecticm with 
flie attached drawings* in whidi: 

FIGURE 1 illustrates a side elevational view of a downbole acoustic 
sensing system that is the preferred embodimmt of the present invention; 

FIGURE 2 illustrates a peiqiective view of a cable coinprising a downlead 
cable and a sensor airay cable; 

FIGURE 3 A illustrates a schematic view of ttie first mbodiment of the 
acoustic sensing syston of the present invention comprising six laser sources, 
sixteen optical detectors, and 96 acoustic sensors, wherein the sensors are 
contained within a single acoustic soisor array; 

FIGURE 3B iDustrates a sdiematic view of an embodiment of flie acoustic 
sensing ^stem of the preset mvention comprising six lasor sources, . 32 optical 
detectors, and 192 acoustic sensins, vidioein the srasors are contained wifliin two 
separate acoustic senscxr arrays; 

FIGURE 4, compriOTig FIGURES 4A-4H, ilhistrates a schematic view of 
one implonentation of the distribution aiKl return of the optical signal in flie first 
embodiment This implementation aoccmnnodates a 6 x 16 optical sensors airay 
having sixteen sensor groups, whoein eadi smsor gra^up has a dedicated return 
fiber lin^ 

FIGURE 5 illustrates a schematic view of one preferred embodiment of the 
acoustic sensor, a fiber sensor that is a Mach-Zebnder interferometCT; 
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FIGURE 6 inastrates a block diagram of the ddectoi/elecfionics assembly 
and laser drawer in the first embodiment of the acoustic sensing system having 96 
sensors in the 6 X 16 s«sor array of FIGURE 4; 

FIGURE 7 ilhistrates a flow chart of the interaction of the acoustic source 
and the acoustic sensing syston; 

FIGURE 8 illustrates a flow chart of flte opeidldtm of the acoustic soistng 
system, namely, the process by which acoustic waves are sensed and data is output 
in convCTtional industry standard seismic fonnat; 

FIGURE 9, comprismg FIGURES 9A-9B, illustrates a sdianatic view of 
the detectoi/electrooics assembly and laser drawer in the second embodiment of fiie 
acoustic sensing system having 192 sensors in a2x (6 x 16) sensor airay; 

FIGURE 10, comprimiig FIGURES lOA and lOB, iUustrates fiequoicy 
conqxments for multiplexed signals in which the modulation fiequoic^ have been 
selected so as to fceq> the fundamental, first hannonic, and second faarmcmic sets 
&om oved^ing. FIGURES IDA and lOB illustrate the componoits for systems 
with five and six modulation firquendes, re^ectively; 

FIGURE 11, compriang FIGURES llA and IIB, ilhistrates Sceqamcy 
conqxments for multiplexed signals in accordance with an anbodimmt of flie present 
invention, wbCTCTi the modulation fiequeodes are selected to be equally spoccdy and 
wfaoetn &e first hannonic and seccHid hamionic sets ovcdap without overlapping flie 
conqxmentagnals within Ae two sd5,^vrf»dn FIGURES llAand llBillnstratetfae 
conqxmentsfijT systems with five and six nK)dulationfigquendes; re 

FIGURE 12 illustrates fi-equency con:QX>nent5 for a multiplexed signal 
resulting fiom five light sources in acccmlance with an embodiment of the preset 
invention, whoein the modulation fiequendes are evenly q>aced beginning at 64^ 
except fiM* dcqsiring a modulation fiequei^ at 9Af, 

FIGURE 13 illustrates frequency conqxments fen* a multq>lexed signal 
resulting fiom six light sources in accordance with an embodiment of the present 
invoition, wherein the modulation fiequendes are evenly spaced bejgjnning at 
except for skqyping a modulation fiequency at 12A/; 
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FIGURE .14, pQjqpdang .nGURES 14A and I4B, ilhistiates fiequency 
componrats for a multQ>lexed signal resulting fiom six light sources in accordance 
wifli an embodiment of the present invention^ wfaerdn the modulation frequency 
components are selected at 6f multiples of 5%, 7, 8, 9, 10^ and 12^ wherdn^ for 
clarity, FIGURE 14A isolates the fundamental jBrequency components; 

FIGURE 15^ comprising FIGURES ISA and 15B, illustrates lErequency 
components for a multiplexed signal resulting fiom six light sources in accordance 
wifii an embodiment of flie present invention, "wbemn the modulation fiequency 
components are selected at 4/'niuhiples of 3y 4, 5, 7» 11, and 13, wherein, for darity, 
FIGURE ISA isolates (he fundamental fiequoicy components; 

FIGURE 16 illustrates a cutaway view of a hydrophone embodiment that 
resides within a cable; 

FIGURE 17 illustrates a cross sectional view of the cable of FIGURE 16 at 
a location aw^ fiom the bydrophone; 

FIGURE 18 illustrates mechanical support features used around tfie 
hydrophone^s soisor to protect it fiom breakage fliat might otiiarwise occur during 
bending of the cable; 

FIGURE 19 illustrates an expanded view of the SCTSor showing a telem^iy 
can, a referexice mandrel, and two sensing mandrels, as well as tiie optical fibers 
that link them; 

FIGURE 20, comprising FIGURES 20A, 20B, and 20C, illustrates 
schematic diagrams of the optical fiber routing within the SCTSor. In FIGURES 
20A, 20B, and 20C, the sensor fimctions as a Mach-Zefander interferometa*, a 
Michelson interferometer, and a Fafaiy-Peiot int^i^meter, respectively; 

FIGURE 21 iUustrates a perspective view of fhe reference mandrd 
including its hemiq>ha3cal endc^^ 

FIGURE 22 illustrates a cross sectional view of a hemisphmcal osdcap; 

and 

FIGURE 23 ilhistrates a flexible interlink used to join two hemispherical 
endcaps* 
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D^led Description of the Prefeared Em hodtmeitf 

A system 100 for sensing acoustic waves 102 in accordance wifli a 
prefenred embodiment of the present invoation is shown in FIGURE L The system 
100 comprises an acoustic airay cable 104 attadied to a downlead cable 106 which 
is held on a first spool 108 on a first truck 1 10. The downlead cable 106 passes 
fiom the first spool 108 to a reel 1 12, also mounted on the first truck 1 10, and to a 
sheave 1 14 situated on a surface 116 adjacent to a well 118. From the sheave 1 14, 
&e downlead cable 106 runs tip to a pulley 120 fixed to a Grane 12Z The 
downlead cable 106 and the acoustic airay cable 104 extend fiom this pulley 120 
intodiewell 118. The well 118 comprises a first bc^diole 124f(»medinalayerof 
earth 126. A large metal pipe known as a casing (not showa) is inserted into flie 
bcnefaole 124. The downlead cable 106 on the qx>ol 108 is connected to a receiver 
processmg electronics 128 housed in the first truck 110. 

An acoustic source 130 is situated in a second bcnehole 132. This acoustic 
source 130 is attached to an acoustic source cable 134» which is held on a second 
spool 136 on a second trade 138. The acoustic source cable 134 passes firom the 
second spool 136 to a second reel 140, also mounted on the second trodc 138, and 
to a second sheave 142 situated on the surface 116 adjacrat to the second borehole 
132. From the second sheave 142, the acoustic source cable 134 runs up to a 
second pulley 144 fixed to a second crane 146. The acoustic source cable 134 
extends fi:om this pulley 144 into the second bcH^ole 132. Also housed in the 
second truck 138 is source electrcmics 148 assodated with the acoustic source 130. 
The acoustic waves 102 raianate fiom the acoustic source 130 in die second 
bcnefaole 132 and arrive at the acoustic array cable 104 in the first b(»diole 124. 

A perspective view of a cable 202 c omprisin g the downlead cable 106 and 
the acoustic arr^ cable 104 is shown in FIGURE 2. An interfece 204 connects die 
downlead cable 106 to the acoustic array cable 104. The acoustic an^ cable 104 
is terminated by a gamma detector 206, which operates in a conventional manner 
to produce an electrical signal responsive to the passage of the gamma detector 206 
through each section of pipe forming the casing within the borehole 124. The 
gamma detector 206 provides a signal that is a processed to determine the dq>fh to 
the termination of the acoustic array cable 104. 
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As shown in FIGURE 3A, a plurality of laser sources LSI jLSZ, LS3, LS4, 
LS5» LS6 are positioned to supply optical feed lines F1-F6, which are joined at an 
optical temiinator 302. The optical terminator 302 connects to the downlead cable 
106, which is connected to the acoustic array cable 104. The acoustic array cable 
104 houses a plurality of sensors, which in this exemplary embodiment total 96 and 
are desigoated SI-S96. The optical tenninator 302 alsd provides a link h^eea Ae 
downlead cable 106 and a plurality (e.g^ 16) of return fibers R1-R16, which are 
coupled to optical detectors D1-D16. Hie outputs of the apHcai detectors D1-D16 
aie electrically connected to processing electronics 304. 

Each laso" source LSI, LS2, LS3, LS4, LS5, LS6 comprises a respective 
laser LI, L2, L3, L4, L5, L6 and a modulator Ml, M2, M3, M4, M5, M6. Each of 
die lasers L1-L6 generates an optical beam having a difTaoit optical wavelength. 
The optical beams produced by these lasers L1*L6 are directed to req>ective 
modulators M1-M6. Preferably, these modulators M1-M6 comprise phase 
modulators, eadi characterized by a diffoiait modulation frequency^ Accordingly, 
the lasCT sources LSI, LS2, LS3, LS4, LS5, LS6 ou^ut six optical signals each 
having different optical wavelengths and each modulated at a sqiarate modulation 
fiequency. 

FIGURE 3B shows an embodimrait conqmsing 192 sensors S1-S192 
contained widiin two sq>arate acoustic array cables 104a, 104b q>peiided to two 
sqpaiate downlead cables 106a, 106b. The two separate acoustic array cables 104a, 
104b and downlead cables 106a, 106b could be inserted in two separate bmboles 
124. llus enibodimait having 192 sensors wiU be discussed nnire 

The plurality^ of feed lines F1-F6 are ccmnected to a plurality of distributifm 
fibo- lines DF1-DF6 (shown in FIGURE 4A-4H) at the optical tominator 302 to 
transfer die c^tical signals ou^tted by die laser sources LS1-LS6 to the 
distribution fiber Knes, These distribution feed lines DF1-DF6 run tfaroue^ the 
downlead cable 106 and into the acoustic array cable 104 as well. 

FIGURE 4, which comprises FIGURES 4A-4H, shows the 96 sensors Sl- 
S96 in a single acoustic array cable 104 similar to that shown in FIGURE 3A. 
These 96 sensors S1-S96 are divided into eight saisor groups of twelve sensors 
each. A first sensor groiq[>, group 401, is shown in FIGURE 4A. The optical patih 
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from the first sensor groap 401 to the laser sources LSI, ISS, LS4,.LSS» LS6 
and to the processing electcooics 304 is dioiter than for any of the other sctsch* 
groups 402-408. Sevm additional seaisor groups 402-408 are shown in FIGURES 
4A-4H. Each SCTSor group 401-408 has at least one s»sor coupled to each of flie 
six distribution fibcar lines DF1-DF6. For sample, in the first sensor groiq) 401, 
the distribution fiber lines DF1-DF6 are connected to respective standard 1x2 
input couplers 420, which are in turn connected to req[>ective sensors S1-S12* 
Similariy, in the second smsor group 402, the distribution fiber lines DF1-DF6 are 
connected to respective sensors S13-S24 via additional standard 1x2 input 
coiq>lers 420. . 

All tibe sensors S1-SI2 in the gioiq> 401 are coi^led to two return fiber 
]inesRFUSF2. Similarly, eadiofthe sensor groiq>5 402-408 has two of the r^urn 
fiber lines SF2--RF16 dedicated solely to its use. For exanq»le, sensors S7-S24 are 
all coupled to two of die return fiber lines RF1-RF16, namely, the third and fi>urtfa 
fiber lines RF3,RF4. As a finther example the sensors S85-S96 are coupled to flie 
last two fibCT lines RF15, RF16. In tfns embodiment, no adjacrat sensors S1-S96 
share a common return fiber line RF1-RF16. 

The return fiber lines RF1-KF16 are connected to return fibers R1-R16. 
The r^um fiber lines RF1-RF16 and the return fibers R1-R16 direct the optical 
outputs of the acoustic sensors S1-S96 to the (^tical detectors D1-D16. 

In FIGURE 5, the acoustic soisors S1'S96 comprise an intofeiometer 502 
fliat is sensitive to acoustic {mssure, pressure changes, or pressure waves. The 
interfeiometa' 502 depicted in HGURE 5 is a Mach-Zehnder mtetfm^ This 
interferometer 502 includes a sensw mput line 504, wfaidi is cormected to a first 
coupler506. ArrferencearmSOSandatestorseiisingaimSlOareattadiedtofliis 
first coiq>ler 506. The reference ann 508 and the test arm 510, are optical fibos. 
The optical Sbcts 508, 510 are connected to a second coq>ler 512 that is connected 
to a SCTSor output line 514. The input coupler 420 and output coupler 430 arc 
connected to the sensor input line 504 and sensor ou^ut line 514, respectively. 

The optical signal that emanates fiT>m the laser sources LS1-LS6 is coiq)led 
into the smsor input line 504 of the interferometer 502 via the input coupler 420. 
This ^gnal is ^lit by the first coupler 506 into two beams. A referoice beam 
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travels Ihrou^ tfaeiefepence ami 5Q8» and^a test beam travels through the test anp 
510. The twa beams are coiq[>led into a ^gle fiber 514, the soi^ 
the second coupler S12 of the interfoometer 504. The reference beam and the test 
beam interfere in the second coiq>ler 512 to prodoce an output signal fliat is 
drtected at one of ttie optical detectors D1-D16. 

Acoustic vibrations that impinge on one of the acoustic sensors S1-S96 
cause the optical fiber coirqpiistng the le^ective test arm 510 to be deformed* e.g.» 
to be stretdied or contracted, which in turn changes the optical path length of the 
test arm 510. In contrast, the refCTcnce arm 508 is shielded fiom the acoustic 
vibration. Thus, the optical path lengtii of flie refcrance arm does not change. 
Since the optical path length of the test arm 510 changes whOe the optical path 
lengdi of the reference ami 50S does not change, the phase difierence betweoi the 
beams traveling m the test and refermce arms changes in response to tiie acoustic 
vibrations. The changes in relative phase between the test and reference arms 510, 
508 result in time-varying interference! at the second coupler 512. The time- 
varying mterfo^oice results in a time varying fight inten^ty of the signal ou^ut 
firom tiie second coiq>Ier 512. The time-varying fi^t intensity is detected by one 
of the detectors (e.g., the first detector Dl). 

FIGURE 6 dq>ict5 a detectoi/electronics assonbly 601 for the first 
embodimrait of the acoustic sensing system 100, whidi has sixteen return fibers 
R1-R16 that are coupled to the sixtera optical detectors D1-D16. The 
d^ector/electronics assembly 601 includes the optical detectors D1-D16 and the 
processing electronics 304. 

FIGURE 6 also sdiematically shows an c^tic sensor array 602 and 
illustrates how the drtectoi/electiomcs assonbly 601 is connected to tiie optical 
sensor zsxzy and to the laser sources LS1-LS6. As defined herein, the optica] 
scDsor array 602 conqxrises a phirafity of optical sensors coupled together using 
optical fibos. The optical srasor array 602 shown in FIGURE 6 includes the 
designation 6 x 16 corresponding to the six distribution fiber lines DF1-DF6 and 
16 r^um Bbcr lines RF1-RF6 shown in FIGURES 4A-4H. 

Each of the optical detectors D1-D16 is irK^hided as part of tiie four 24- 
channel digital receivers/demodulators 604. The optical detectors are separated 
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into four groups, D1-D4, D5-D8, D9-D12, and D13-D16, wherein carfi group is 
situated in one of the four 24-channel digital rccdvCT/deniodulators 604. 

As shown in FIGURE 6, the four 24-channel digital recdvor/demodolators 
604 are electrically connected to four 24-channel distal signal processors (EffiPs) 
606. Each of the 24-channel DSPs 606 comprises twelve digital signal procesdng 
chips. Accordingly, the term "12-DSP piocessmg elemait^ 606 may be used 
interchangeably with 24-channel digital signal processors. 

Each of the 24-channel digital rccciver/dCTiodulators 604 is paired with one 
of the 12-DSP prx)ccssing elements 606. The four 12-DSP processing elements are 
coupled to a PQ bus 608 (or other suitable bus), which is coupled to a coitral 
processing unit (CPU) 610, such as, for exaniple, an Intel Pentium n or Pentium m 
processor. 

The CPU 610 is coi:q>led to a hard drive 612 via a SCSI bus 614. The 
coitial processing unit 610 is also connected to an operator console 616 and a 
recording and processing system 618 via two Ethentet lines 620, 622. 

Eadi of flie 24-channel digital receiver/demodulatCMrs 604 accommodates 24 
signak because each of the four detectors D1-D16 within one of the digital 
receivCT/demodulators receives six signals firom a group of six SCTSors. The six 
signals that arrive at each of the optica] detectors D1-D16 originate from the six 
laser sources LS1-LS6 and have a different optical wavelength and have differrat 
modulation frequracy. Upon being irradiated by the six signals, each of the optical 
detectors D1-D16 ou^uts an electrical signal having compcments proportional to 
the intensity of the optical light incident thoeon at each of the modulation 
fiequencies and at harmonics of the modulation fiequencies. The electrical signal 
fiom one of the (^tical detectors, eg., die first detectorDl, is sq>arated into the six 
signals produced by the six acoustic soasors, e.g., the first six odd SCTSors SI, S3, 
S5, S7, S9, Sll, whose outputs are channeled to the optical detector. The ax 
signals are distingui^ed by separating the components according to the 
modulation fiequendes. Al&ough die light incident on the detector Dl comprises 
six different optical wavelengths, it is not necessary to separate the signals 
optically. The difference in optical wavelengths is used to keq> the six signals 
from optically interfering with each other. 
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The total . number., of . acoustic soisor signals ..processed by .die 
detectoi/electronics assembly 601 employed in tbe embodimrat depicted in 
FIGURE 6 is 96. Each of the 24-chaimel digital leceim/draioduIatoErs 604 
receives four optical signals fiom four of the rrtum fibeis Rl-Rl 6. The 24-channel 
digital receivei/dOTiodulator 604 converts eadi of the four optical beams into six 
s^arate electrical channels, resulting in 24 electrical channels. Since the 
detector/clectiDnics assembly 601 for the embodimrat shown in FIGURE 6 has 
four 24-channeI digital receiver/demodulators 604, a total of 96 (4 x 24) electrical 
channels are utilized Eadi of the 96 electrical channels contain infonnatioii 
relating to the acoustic vibrations at a respective cme of the 96 acoustic sensors S 1 - 
S96. 

As noted above, eadi of the acoustic seaiscns S1-S96 com|Hises an 
interferometer 502 that splits tihe coherent li^ source into two waves following 
sqKirate paflis fliat eventually converge- Upm converg»ce, the two waves 
interfCTe with each oftersudi that flieintoisity I ofthe combination is given by I 
^ A + B cos e, wh^ A and B are constants and 0 is the phase difEeience between 
the two waves upon convergence. 

In order to multiplex the six sensor signals associated with the six lasers 
L1-L6 that are transmitted via eadi retum fiber (e.g., RFl), the interferomet^ 
jdhase angle of each of the six sensors is modulated at a dififoent fi^uency, 
The interferometer phase angle modulation may be r^resented as 9(t) = cosa),t, 
'vrtieren^^l, _,6» arid is tfieanq>Utudeofthe phase modulation in radial^. The 
phase angle in the interforometer is modulated by sinusoidally varying die phase of 
eadi laser L1-L6. This is accomplished by the modulator M1-M6 by mmsoidally 
varymg die voltage across a lifliium niobate segment (not diown) of the optical 
path. A laser source phase modulation, O = OoCos(a>t)» v/hac is the phase 
anq>litude m radians^ results in a laser fiequenc^ moduhtion f + Af ^oot), 
where 4 is the optical carrier frequency and Af - (S>jsJ2iu This fiequmcy 
modulation, in turn, results in a modulation of the interferometer phase angle, 
<p = 2jiALAf / c sin(a)t), where AL is the path length offset betwera the two 
interfemmeter paths and c is the speed of light in the fibor. 
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This modulation results in a Sme vaijnng intensity fiw the output of the nth 
interferometer given by. I.(t) = A, + B. cos [ Q. cos(<i(^.t>ti|>^t) ], where q».(t) is the 
time varying i*ase raeated by the acoustical agnal in the nfli optical sensor (and 
signal noise). This equation may be expanded in tenns of Bessd fimctions to 
give: 

Ut) = A + B. { |[j.{CJ+2£ (-l)'Ja(CJcos(2k(o.t) Jcos(».(t)) 

- [ 2 E (-1)' Ja.,(CJ cos((2k+lKt) 1 sin(<p.(t)) }. 

As noted earlier, the N lasers L1-L6 are chosoi to have sufBdoitiy 
diffooit optical c^rio^ fieqnendes to avoid op^kai intedermce. Thus, fbe total 
intoxsity on die drtector, !«, cramected to dus particular letum fibCT(e.g., RFl) is 
then given by I«(t) = Z W*)- The light intensities detected by eadi of flw 16 
detectois DI-D16 is described by an analogous equation. 

The above equations dCTionstiate that the interferometer intensity output 
contains ^gnal not only at the six modulation fiequencies but also at 2©^ 3©^ 
rtc. Hie multiplcaced intmsity signal received by a given detector D1-D16 may be 
fiilly demultiplexed thiough detection of the signal compon^its at co. and 2©, u^g 
the following approadi. 

Tlic total ou^mt signal, 1^ may be mixed with a ^gnal at ©. and a signal at 
2©., and flic results of ttie mixing may be low pass filtered to remove the signal at 
all bannonics above the first harmimia Hiis results in "drrecT (J) and 
"quadrature** (Q) coiiq)onents, such fliat I. - B.GJ,(<i) siiMp.(t) and 
Q. = BJO^C^ cos9,(t), where G and H are the amplitudes of the mixing signals 
corresponding to the ©. and 2©„ componmts of flie signal, respectively. The 
properties of Besscl fimctions are such that J,(x) and J^Cx) are equal wfam the 
paramctCT x-2.6. Sec, e.g., Handbook of Mathematical Functions^ 1974, edited by 
M. Abramowitz and L Stcgun. Thrai, by choosing G =^ H and C„ = 2.6 radians, the 
phase angle is given by: 9„(t) = aictan(I^Qn)- 

Thus, to demodulate, the 24-chaimel digital receivo/demodulators 604 mix 
the electrical agnals output by the qptical detectors D1-D16 with sinusoidal 
waveforms at die six fircquencies at which the output of die six lasers L1-L6 are 
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modulated. The 24-channel digital recciver/dcmodulatois 604- also- mix the 
electrical signals output by the optical detectors D1-D16 wifli sinusoidal 
waveforms having twice these six fiequendes. Accordingly, the 24-channel digital 
receiver/demodulators 604 will mix the electrical signals output by the optical 
detectors D1-D16 with sinusoidal carriers at frequencies of©,, ©j, coj, ©4, cOj, co^. 
and 2g>|» 2g»2> 2(Si^ 2CD5, and 2(0^- 

As noted above, the demodulated signals produced as a result of ^s 
mixing resuh in direct (I) and quadrature (Q)compcme^^^ These coi^ponents are 
provided for each channel as faqmts to a drcuit (not shown) that ou^nits the 
arctangent of the two componmts. In this manner, polar phase is obtained frwn ttie 
demodulated signals. This polar phase corresponds to flie phase difieience 
between die optical beams in tibe test and refooice arms 510, 508. Tbe time 
doivative of the polar phase is generated fiom digital circuitry (not shown) that is 
designed to implemrat dififcrcntialion. The derivative of the phase is proportional 
to the magnitude of the acoustic vibrations sensed at the sensors S1-S96. 

The dCTivative of the phase produced by two channels of each 24-charmd 
digital receiver/donodulator 604 is sent to one element of the corresponding 12- 
DSP elemmts 606. The 12-DSP elements 606 filtor and decnnate the demodulated 
^goals down to standard sample rates required by conventional seismic data 
recorders, these 12-bSP eloneuts 606 are coi^led to the PCI bus 608 and use the 
PCI bus to communicate with ttic CPU 610. Accordingly, the filtered and 
decimated derivative ofthe phase are fed into flie CPU 610. Note that eadi of the 
12-DSP elCTients 606 processes ttie phase information fiom two acoustic channels, 
eadi of wfaidb is perfonned sqKuately. 

The CPU 610 fcmnats tfie data correspcmdmg to ti» acoustic vibrations 
such that it is compile with mdustry standards (e.g., Ae SEG-D format). Fw 
example, the CPU 610 stamps the acoustic data output with Ae tirnc of system 
evOTts such as the start of saising. The CPU also adds any necessary information 
to identify the data in accordance with the industry standard format 

The CPU also handles interfaces with convotitional seismic data receding 
equipment Ihe CPU 610 sends the reformatted acoustic data to seismic data 
recording equipmoit at industry standard data rates. Mcmc ^>ecifically, the 
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processed and fonnatted signals genarated JBrom the acoustic sonars S1-S96 and- 
c^tical detectois D1-D16 are transmitted over the PQ bus 608 to the CPU 610 and 
are outputted to cuslcHner supplied sdsmic proces^g equipment via the Ethernet 
line 622. 

The host CPU 610 additionally provides syst^i control and sequencing for 
the operation of the individual components in the acoustic sensing syston 100. 

The CTU also handles interfaces with an operator console 616. The 
operator console 616 allows manual system intervention and is also used to display 
sjrstem status. 

The detectm/electronics assembly 601 additionaDy includes an amdliaiy 
input/output subsystem 624 that inter£u^ with the central processing unit 610 via 
the PCI bus 608. Tlds auxiliary ii^ut/output subsystan 624 inteifice with 
cusknner sni^lied equifmient (CSE) 626 to provide up to sixteen acousdc or non- 
acoustic sensOT inputs for time maifring or event trig^iing. 

The detector/electronics assembly 601 additicmally includes a global 
position soising (GPS) electronics card 628 that is dectronically connected to an 
antenna 630. The GPS electronics card 628 interfaces with the CPU 610 via flie 
PCI bus 608. The GPS electronics card 628 provides accurate time for the host 
CPU 610 to facilitate time stamping of systan events. 

In the embodiment shown in FIGURE 6, a fiequency synthesizer card 632 
is included with tiie detector/electronics assembly 601. The fiequency synti^esizo' 
card 632 accepts a sync pulse fiom additional customer supplied equipment (CSE) 
634. Prefeably, Ae fiequency ^fliesizer card 632 accq>ts a sync pulse 6om flie 
source electronics 148 associated with the acoustic source 130 in FIGURE h As 
diown in FIGURE 1» the electrcnucs 148 assodated witii the acoustic source 130 is 
located in the second truck 138 adjacent die second bordx>le 132. 

The frequency synthesizer card 632 is dectrically connected to a laser 
module contiollei/driver card 636, which is connected to the laser sources LSI- 
LS6, both of which are preferably located in a laser drawer 638. Additionally, the 
fiequency synthesize card 630 is electrically connected to an ISA bus 640 tiiat is 
also coupled to the central processing unit 610. 
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As desdribed above, the laser sources LSI-LS6 include lasers L1-L6 and 
modulators M1*M6, which provide signals to the optical feed lines F1-F6 that are 
coupled to the acoustic sensors S1-S96. The fiequency synthesizer card 632 
provides the modulators M1-M6 with poiodic waveforms having the six 
modulation frequencies to modulate the outputs of the six las^ L1-L6. The 
frequency synthesizer card 632 also provides the 24-chaimel digital 
receive/demodulators 604 with global synchromzalion and timing signals to insure 
that the modulators M1-M6 and demodulator are phase locked. In particular, the 
frequocy synthesizer card 632 provides a sync signal and a hig^ speed clock 
signal to flie 24-channel digital recerver/donodulators 604. Usmg dus sync signal 
and this clodc dgnal, the 24-chaimeI digital recdvCT/demoduIators 604 geoerate 
digital iqxresentations of sinusoidal carri^ at the six modulation fieqnenraes a>|, 
a>2> <^4> <^s* ®6 ™^ ^ twice the modulation fiequencies 2cD|, 2a>2» 2a>3, 2g>4, 2g>5» 
and 2CD5. These digital canim are oiqployed by 24-duameI digital 
recdver/dmodulators 604 for mixing and demodulation as desmbed above. 

The operation of the above-described acoustic sensing systCTi 100 as 
presoited in FIGURES 1-6 is illustrated m FIGURE 7 in flowchart form. A first 
block 702 in a source flow diagram represents the triggering event for the op^ation 
of the acoustic sensing system 100, whorein the acoustic source 130 transmits a 
sync pulse to tiie acoustic sensing system. (See FIGURE 1.) In an alternative 
preferred embodimCTt, the acoustic sensing systCTi 100 can send a sync pulse to 
the acoustic source 130 to trigger the source. This acoustic source 130 may 
comprise^ e.g.» a surface acoustic source or an underground acoustic source. 

The acoustic sen^g system 100 receives the sync pulse as indicated by a 
first block 704 in a series of blocks coireqxniding to the steps perfimned by the 
acoustic soising system 100. In refuse to recdving the sync pulse, the acoustic 
soismg system 100 begins sen^g. That is, the acoustic sensing syston 100 
begins measuring the level of acoustic vibration at the sensors S1-S96. The start of 
the sensing is represented by block 706 in FIGURE 7. 

As shown in the source flow diagram, after a predetomined delay (block 
708), the acoustic source 130 starts producing acoustic waves 102 as indicated in a 
block 710. As represented by a block 712, the acoustic sensmg system 100 
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• continues monitoring- the level of acoustic vibration at the soisors Sl-S96 .and . 
begins to smse die acoustic waves 102 emitted by the acoustic source 130 that 
reach the acoustic senscnrs. A more detailed discussion of ttie steps involved in 
sensing acoustic vibration are presented in FIGURE 8 in flow chart forai, as 
discussed more fully below. 

A block 714 r^resents the SCTsing system 100 sending tiie results of 
measuTCTients of the level of vibration at the acoustic sensors S1-S96 to seismic 
proces^g syslan as seismic data. At a block 716, the system 100 stops sensing 
ttie acoustic data. A determination as to when to stop sensing data is 
advantageously based iq>on the expiration of a predetemuned time internal from 
file sync pulse. 

The process for smdng acoustic data in the blodc 706 and the block 712 in 
FIGURE 7 is depicted in more detail in FIGURE 8. As discussed abov^ the 
sen^g for acoustic vibration at the acoustic sensors S1-S96 starts immediately 
after receiving flie sync pulse, although a dday exists between the time the sync 
pulse is recrived and fiie acoustic source 1 30 begins produdng acoustic waves 1 
This p^mits the seismic processing system to receive data indicative of the 
acoustic background noise prior the receipt of acoustic waves from the acoustic 
source. 

In FIGURE 8, a first block 802 indicates tiiat continuous wave B^t is 
emitted from each of the laser sources LS1-LS6, The light jBom each source is 
modulated, as discussed above, hi paolicular, the light from each of the laser 
sources LS1-LS6 is modulated at a difieroit modulation frequency. 

A block 804 re{»eseots the next step wheran the distribution fiber lines 
DF1-DF6 propagate tihe lig^t from die laser sources LS1-LS6 to the optical sensors 
S1-S96. As discussed above, the li^t in die respective test arms .SOS of the optical 
sensors S1-S96 is variably delayed when acoustic waves 102 strike the sensors. 
(See block 806). The light m the refoence arm 510 of each smsor S1-S96 is not 
variably delayed. Each of acoustic sensors S1-S96 combines the light from the two 
arms 508, 510 in the output couplw 512. 

A block 808 represents the return fibCT lines RF1-RF16 carrying the Kght 
outputted by the optical saisors S1-S96 to the fiber receives 604, i.e., die 24- 
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Ql»mel digital rcccivcis^demodnlato!^^ The jfil>eri:ec«vcrs,^chiiictadeft^ 
optical d^ectors D1-D16, convCTt the optical signals incidrat on the optical 
d^ectois into electrical dgnak as indicated in a block 8 10. As depicted by a blodc 
812, the processing electronics 304 conv^ tfie electrical signal outputted by the 
optical detectors D1-D16 into SE&D format, a standard format established by the 
Soddty of Bcploration Geophyadsts* Hie SEG-D format is convraticnial and is 
well known in the art 

The embodimrat described above is particularly well suited for 
subtenranean geophysical surveys such as are employed in determining the 
presence of "io-place- oil reserves. The acoustic sensors S1-S96 contained within 
the acoosdc array cable 104 are enable of being lowered into the borehole of an 
oil wdL The acoustic sensors S1-S96 may also be eiiq>loyed for lai^ sdsmic 
applications and in ocean bottom cables. 

As used herein, die term bcvdiole is defined as a diaft that extends to the 
bottom of a well 118 and a 'Veil'* is simply a hole dug by drilling and removing 
eardi fiom the ground^ ofi» for the purpose of accessing oil or water. 

Cable 

The cable 202 diown in FIGURE 2 is designed to fit into a well 118 such as 
sn oil welL If the cable 202 is small CTough, the cable can be inserted into the 
production tubing or in die gaps between the production tubing in the casing. 
However, the cable needs to be smaller than at least the inner diameter of the 
production tubing. 

As described above, the term **casing^' refos to a large metal pipe that is 
typically insCTted into die borehole* •Troduction tiibes^ are smallCT pipes iiiserted 
in the casing that allow access to die bottom of the well 118. 

The standard diametCT br production tubing is two inches in the lAiited 
States and is 1.25 inches in flie North Sea. Consequently, to fit in die producticm 
tubing or in the g^s between the production tubing, the cable 202 needs to have a 
diameter less dian two indies for use m die United States and less than 1.25 inches 
for use in theNordi Sea. 

Conventional electronic acoustic sensor arrays range firom 2.5 to 6 inches in 
Hiflmeier requiring all the jmiducticm tubing to be removed fiom the casing in order 
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to insert a inrpbe contaming tfie array down into fbe. well I IS. After the probe is 
removed, the production tubing must be rdnsorted into the casing. The removal 
and rdnsertion procedure is both costly, time-ccHisuming» and inconvenient 

Accordingly, tfie cable 202, including the downlead cable 106^ the intei&ce 
204, and the acoustic anray cable 104 have an outo* diam^er that is less than two 
inches. The diameter of the cable 202 is preferably than 1.25 inch. Motc 
preferably, the diameto* of the cable 202 is less dian 1.1 inches. Also, preferably 
the diameter of the acoustic array cable 104 does not vary more than iO.Ol inch. 

As shown above, the cable 202 includes a downlead cable 106 joined to an 
acoustic array cable 104. The downlead cable 106 does not contain any sensors 
S1-S96. Frefmbly, ttie downlead cable 106 has a length selected fiom the range 
between 1,000 feet and 20,000 feet In one particular embodiment, the downlead 
cable 106 is i^yproximatdy 10,000 feet Icmg. 

As desoibed above, tfie acoustic array cable 104 contains the acoustic 
smsors S1-S96. Preferably, fliese acoustic sensors S1-S96 are eventy spaced 
tfarougli the acoustic air^ cable 104. For exao^le, in one particular embodimosl 
each of the acoustic sensors S1-S96 are advantageous^ spaced five feet spart 
within the acoustic anay cable 104. The spacing, however, may vary ±0.25 indies 
orby±0.5%axially. 

The spacing in the presoit invention, howevo^, is not limited to ^adngs of 
five feet, rather, the q>acing may be larger or smaller than five feet For exan^le, 
in one plication, the acoustic soisors Sl-^96 may prefoably be ^aced 5 to 100 
fert aqpart within tiie acoustic array cable 104. Closer ^adng provides belter 
resolution of the acoustic agnals. Greats spadng provides greato* coverage of tibe 
acoustic signals at the expraise of resohtioiL Alfhougji even spadng is preferable, 
the spacing need not be the same b^eoi eadi of the sensors S1-S96. Tbt 
spacings described above still apply to the case wfaoe eadi of the sensors S1-S96 
are not sqiarated 1^ die same distance. 

The length of the active portion of acoustic array cable 104 varies m 
accordance with the spacing between the acoustic array sensors S1-S96. The 
active portion of the array cable 104 is the apestaie of the array. Preferably, the 
acoustic array cable 104 has a length selected fit>m the range between 200 feet and 
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1000 feet More preferably, the Iragth of the acoustic array cable 104 is 
q>pioxuDately 500 feet By spacing the sensors fartfaor ^art^ the q>atiire can be 
inaeased to as much as 10,000 feet 

Preferably, the cable 202 is durable enougji to protect the distribution fiber 
lines DF1-DF6, the return fiber Imes RF1-RF16, and the acoustic sensors S1-S96 
against the harsh downhole environmoit As used ha^in, the temx "downhole** is 
defined as down in the bordiole. The downhole environment includes hi^ 
temperature and high pressure and also include corrosive liquids commonly 
found in an oil well envinxnmoit 

In some cases^ fbe cable 202 will be lowered into a pipe such as flie 
production tubing (greasing in die well where the pressure in aregion of 1hepq»e at 
die top of the wdl Q.e^ at the sur&ce HQ is hig^ than the amUent pressure at 
the top of the well (Le., at the surface 116 but outside the wdl). The cable 202 
may be lowered flmyn^ a grease infection head cq>able of maintaining a pr e ssure 
difference between the ambimt pressure at die fa^ of die wdl and the pressure 
witfiin the region of die pipe at the top of die welL In the case whao the cable 202 
is lowered through a grease iigection head» a cable 202 having a uniform diamet^ 
is required. 

Distribution Fiber Lines 

As shown in FIGURES 3 and 4A-4£^ the distribution fiber fines DF1-DF6 
couple the light fiom the laser sources LS1-LS6 into die q>tical sensors SI-S96 via 
the input colliers 420. In each sensor groiqi 401-408, a certain fraction of the light 
fiom the laseas sources LS1-LS6 is coiq[>led to one of the s^isors S1-S96 in diat 
ffovp. The amount of li^t coiq>led into each sensor S1-S96 is prefo^ly chosoi 
so as to reduce differences in the level of optical signal delivered to each semar, 
and more particularly, to reduce the variations in die power level of the qptical 
signals that are defivered to the diffoent (q>tical drtectors D1-D16. A design fi>r 
sensor arrays that enables the signal levels of the optical signals returned fiom the 
sensor groups 401-408 to their associated detectors DI-D16 to be similar in 
magnitude is disclosed in the related plication of oititled ^^Architecture for Large 
Optical Fiber Array Using Standard 1 x 2 Couplers**, Patent i^lication No. 
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09/107,399, filed on June 30, 1998 which is herd>y incorporated by reference 
herein. 

Althou^ six distribution fiber lines DF1-DF6 carry light beams emitted by 
six laser sources L1-L6 as shown in FIGURES 3 and 4A-4H, the number of 
distnbution fiber lines that can be used is not restricted to six. Ratfa^, the number 
of distribution fiba- lines DF1-DF6 employed can range fiom two to twelve or 
more. Preferably, however, flie number of distribution fibor lines DF1-DF6 will 
correspond widi the number of laser sources LS1-LS6* 

Similarly, in the embodimmt shown in FIGURES 4A-4H, each of the 
distribution fiber lines DF1*DF6 couples light into one of the sensor S1-S96 in 
each of the sensor groiq>s 401-408. The present invention is not Ihnited to this 
arrangemenL 

Acoustic Sensors 

The acoustic soisors S1-S96 that are employed in Che embodhnent dqpicted 
in FIGURES 1-5 are "optical** soischs and more particularly "all-optical'* sensors. 

As used herein the term ''optical*' means pertaining to m usmg lights wfaidi 
corre^nds to electromagnetic radiation in the wavelength range extending firom 
the vacuum ultraviolet at about 40 nanom^i^ through visible qiectrum^ to the &r 
infiared at 1 milUmeto- in wavelenglfa. More particularly^ the optical sensors in the 
presCTt invention operate in the range of visible or infirared wavelengdis. Most 
particularly, die optical sensors opoate in the infiared range at qyproximately 1319 
nanomd^s. 

As used herein the term "aS-optical** means that the downhole portion of 
the acoustic sensor array does not include any electnmics. Li particular, the 
acoustic sensc»s S1-S96 are dectiically passive devices; they require no electrical 
cornpoiients or electrical ccmnections to die other compcments. Most notably, the 
acoustic sensors S1-S96 do not rely on any seniiconductor*based electronics, ^nliich 
are highly sCTsitive to tdnperature. Semiconductor-based electronics sudi as 
trandstors are generally not conq>atible with the high temperatures that jnevail in 
the downhole arviroranOTt, e.g., 10,000 feet below die sur&ce of the earfiu For 
example, some preamplifiers designed to survive high , temperatures have a short 
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lifeline and may last only for one hour under harsh conditions. In contrast, the 
embodinient desmbed above requires no i»c-an^>lificr in the borehole. 

Each of the acoustic sensors S1-S96 in the preferred onbodiment conqxrises 
a sensw that lecdves an optical beam as input and that outputs an optical signal 
that contains information cone^xmding to the level of acoustic vibration incident 
on the sensor. More preferably, tte sensors S1-S96 employed in flie presat 
invention are fiber-optic sensors wherein a beam of light is inputted into one cod of 
a fiber, the li^t beam is altered in some manner vAnlc in the Gber, and this altered 
beam is outputted at another aid of the fiber. As used herein, the term fib^-optic 
sensor is defined as a sensor for monitoring some physical prop^ that conq>rises 
a length of optical fiber having ligjit within it, wh^dn the fiber acts as a transducer 
fliat modifies some attribute of the Kgjit i^n e^qwsure to variation in the phydcal 
property being measured. 

Preferably, the acoustic smsors S1-S96 are c^tical interfcrometmt. Most 
preferably the sensors are Madh-Zehnder interfcrome^ While acoustic 

sensors Sl'S96 as depicted in FIGURE 5 comprise MacfarZdmder interferometers, 
the acoustic smsors of the present invention are not so limited but may comprise 
othCT intcrfcrometCTS as well as other types of optical senscns mchiding sensors 
other than fiber-optic sensors. Other interfcromctcas may inchide, for example, 
, Michelson mtCTfcrometers, Fabry-Perot interferometers, and Sagnac 
interferom^ers. 

In accordance with the present invaition, the acoustic sensors Sl-S% need 
to be capable of opoating in a downhole. In particular, the sensors S1-S96 need to 
be able to fimction and output a retrievable agnal at a depth in the range of 
betwe» 1,000 and 20,000 feet below flie surfece of the earth. More prefoably, 
this depth is approxhnately 1 0,000 feet 

In particular, die sensors S1-S96 must be capable of fimcticming witfiin the 
acoustic array cable 1 04 while the tanpCTature surrounding the acoustic arr^ cable 
m flie range of brtween lOOX and 150*^0. 

Additionally, the sensors S1-S96 must be capable of fimctioning within the 
acoustic array cable 104 while the pressure on the acoustic array cable is hi flie 
range of 5,500 pounds pa* square inch (p.s.i.). 
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Hie acoustic sensors S1-S96 must be. capable of functioiuiig within the 

acoustic amy cable 104 whra the acoustic airay cable is immeised in water. 

Accoidingly^ the optical soisor S1-S96 may comprise a hydrc^hoxie. 

Alternatively, the optical soisor S1-S96 may comprise a geophone or a 

combination of a hydrophone and a geophone, e.g., one hydrophone and three 

geophones. A geophone is a vector sensor. Consequoitly the preferred 

arrangCTirat is to have three geophones onployed togeth^, possibly in 

combination with a hydrophone. 

A hydrophone measures pressure, pressure changes, or both. A hydrophone 

typically measures pressure or pressure dbanges m the audio or sdsmic range 
corresponding to at least 1 Hz to 30 kHz. A geophone measures movement, 
displacement, velocity, and/or acceleration. The gW)phone typically measures 
movement, diq>lacanent, velocity, or acceleration in the audio or seismic range 
correspondmg to at least 0.1 Hz to 10 kHz. One preferred hydrophone design is 
disclosed below. 

Alfliough 96 acoustic sCTSors S 1 -S96 are shown in FIGURES 3 and 4A-4H, 
the number of sensors that can be used is not restricted to 96. As described abov^ 
the number of sensors can be doubled to 192. More generally, the number of 
acoustic soisors S1-S96 can range from two to more than 200. If time division 
multiplexing is also onployed, the numbo" of acoustic sebsors S1-S96 can be 
increased 10 to 100 times. Accordingly, the number of acoustic senses S1-S96 
can range from two to 20,000 or more. PrcfCTably, howevo^, tfie number of 
acoustic sensOTS S1-S96 caaesponds to flie product of the numbar of laser sources 
LS1-LS6 and the number of optical detectors D1-D16 which also corresponds to 
ttie product of the mmiber of distribution fibCTS Knes DF1-DF16 and the mmiber of 
retum fib«r fines RF1-RF16. 

R^um Fiber Lines 

As shown in FIGURES 3 and 4A-4H, the retum fiber lines RF1-RF16 
couple the light from flie acoustic softsors S1-S96 to the optical detectors D1-D16 
via output couplers 420. hi each sensor group 401-408, a certain fraction of the 
fi^t fitnn the acoustic sensors S1-S96 is coupled to one of the optical d^ectors 
D1-D16. The amount of tight coupled into each sensor S1-S96 is preferably 
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chpsoi sfo as to reduce the diSermces in the power level of the optical ^gnals that 
are delivered to the different optical detectors D1-D16. In particular, the coupling 
ratios of the inpot couplm 420 and the output coi^>lafs 430 are selected to reduce 
variations in the letnmed optical signal levels at the detectors D1-D16. As 
discussed above, a design for sensor arrays that enables the signal levels of the 
optical signals returned from the sensor groins 401-408 to their associated 
detectors D1-D16 to be similar in magnitude is disclosed in the U.S. Pat^it 
Application No; 09/107^99, cited above. 

The embodiment shown in FIGURES 3 and 4A-4H includes dgbt scdsot 
groiq>5 in ^v^di no two adjacCTt sensors have rither a common distributioii fiber 
line or a common return fiber line. The present invention is not limited to fliis 
arrangement Fot example, sixtera sensor groups can be configured so fliat each 
sensor gpnsp has one of the return fibers R1-R16 dedicated to it as disclosed in 
U.S. Patent Application No. 09/107399 dted above. 

In accordance with the present invCTiion, the return fiber lines RF1-RF16 
as wdl as the distribution fiber lines DF1-DF6 need to be able to operate in a 
downhole and^ tfamfOTe^ need to be capable of fimctioning and ontputting a 
re^evable signal at a dq)th in the range of between 5,000 and 20,000 feet below 
the eaith*s surface. As described above, the return fiber lines RF1-RF16 as well as 
the distribution fiber lines DF1-DF6 are contained within the cable 202. This cable 
202 serves in part to protect the acoustic array fix>m the harsh euvironment of the 
downhole. In particular, the return Bbcr lines as well as the distribution fiber lines 
nmst be capable of fimctioning within the cable while the temperature surrounding 
tiie cable in tibe range of betweoi lOOX and ISO^C Additionally, the return fibor 
lines as well as tfie distribution fiber lines must be caqpable of fimctioning wifliin 
the cable while die i»essure on the cable is as much as 5,500 pounds per square 
inch. 

The return fiber lines RF1-RF16 as well as the distribution fiber lines DFl- 
DF6 must be cq>able of fimctioning within the cable when the cable is immersed in 
water. 

Although sixteai return fiba* lines are shown in FIGURES 4A-4H, the 
numbCT of return fiber lines that can be used is not restricted to sixteen. For 
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example, the number of return fiber lines can be doubled to 32, as described above. 
More generally, the number of return Ebct lines miployed can range fiom two to 
more than 32. 

Optical Detectors 

In the embodiment depicted in FIGURES 1-5, the optical detectors D1-D16 
output an electrical signal ^ose magnitude is proportional to flie intensity of 
incident light thereon. In particular, these optical detectors DI-P16 output a 
voltage or a cunent req>onsive to the intmsity of incident light In one 
embodimrat, the optical detectors D1-D16 output a current reqxmsive to the 
intensity of incident light, and a transimpedance amplifier is employed to convot 
the cuirent output into a voltage. 

As shown in FIGURES 3 and 4A-4H, each of the return fiber lines RFI- 
RF16 directs lig^t onto one of the optical detectors D1-D16. In one prefored 
embodiment of fte present invention, each of the optical detectors D1-D16 
con^rises a polarization diversity receiver to guarantee the strongest optical 
interferoce signal is taken and processed* In this embodiment, each of the optical 
d^ectois D1-D16 includes three photodetectors, sndi as photodiodes, that soise a 
portion of Hght ficmi the beam incident on the optical detector. In particular, tibe 
three photodetectos sense three different polarizations. 11iei»:ocessingelec^mcs 
304 subsequently samples the agnal originating fiom each of the three 
photodetectors and selects the photodetector that yields the strongest signal for 
each acoustic channel. A polarization div^ty receivo^ that enq>loys three such 
photodiodes is desCTibed in U.S. Patent 5,852,507 to Hall, which is hcKdby 
incorporated by reference herein. 

Although sixteen optical detectois D1-D16 are shown in FIGURE 3, the 
number of optical detectois tfiat can be used is not restricted to sixtem. For 
exanqple, flie number of optical detectors D1-D16 can be doubled to 32, as 
discussed above. More gCTerally, die number of optical detectors D1'D16 
employed can range fipom two to more than 32. Preferably, however, the number 
of optical detectors D1-D16 will correspond with the number of r^um fiber lines. 
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7d,rhannel Digital Recdver/PemodulatDis (Fiber Receivers) . 

The 24-channel digital receivo/demodulatOTS 604, altmiatively refenred to 
as fibCT receivers are displayed in FIGURE 6 desmbed above, as well as in 
FIGURES 

FIGURES 9A-9B depict tbe detector/electronics assembly 601, laser 
drawer 638, and acoustic sensor array 602 for a second embodiment of flie acoustic 
senang systrai 100 of the i^esent invention having 192 acoustic sensors S1-S192 
(not shown) and six laser sources LS1-LS6. 

Sudi a system 100 having 192 acoustic sensors S1-S192 is shown in 
HGURE 3B described above. The system 100 m nOURB 3B comprises 192 
sensors S1-S192 contained within two sq>arate acoustic array cables 104 aiqpended 
to two separate downlead cables 106. 

Ihe laser sources LSI, LS2, LS3, LS4, LS5, LS6 supply twelve optical 
feed lines F1-F12, which are joined at optical coi:q>Ias C1-C6. A first set of rix 
optica] feed lines F1-F6 extend finom optical coiq>Ie[s C1-C6 to a first tenminator 
306a connected to a first cable 202a- The first cable 202a comprises a first 
downlead cable 106a and a first acoustic array cable 104a, The first acoustic array 
cable 104a holds a first set of 96 acoustic sensors S1-S96. A second set of six 
optical feed lines F7-F12 extend from optical couplers C1-C6 to a second 
temiinator 306b connected to a second cable 202b. This second cable 202b 
ccnnprises a second downlead cable 106b and a second acoustic airay cable 104b. 
The second acoustic array cable 104b holds a secrad set of 96 acoustic sensors 
designated S97-S192. 

The first tenninator 306a also provides a link between the first downlead 
cable 106a and dxteen rrtum fibas R1-R16, yMdb are coi^led to sixteen optical 
detectim D1-D16. The second tCTminalor 306b also provides a link betweoi flie 
second downlead cable 106b and ^e» additional return fibers designated R17- 
R32, which are coiq>led to sixteen additional optical detectors D17-D32. Such a 
system 100 has six distribution fiber lines DF1-DF6 (not shown) and 32 return 
fiber lines RF1-RF32 (not shown) in each cable 202a, 202b. The ou^uts of the 32 
optical detectofs D1-D32 arc electrically connected to processing electronics 304. 
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In an alternative CTibodiment compriidng 192 acaostic sensors S 1-^1 92» Ae 
192 sensors S1-S192 may be contained in a single aconstic array cable 104 
attached to a downlead cable 106. Such a system 100 has six distribution fibCT 
lines DF1-DF6, 32 return Gber lines RF1-RF32, and 32 optical detectors D1-D32. 

Eitfao- a system 100 comprising a single cable 202 or a system comprising 
two cables 202a, 2Q2b can be employed in conjunction with 192 sensors S1-S192 
and the detector/electronics assraibly 601 depicted in nGURES 9A-9B. As 
discussed above, the 192 sensors can be contained in the single cable 202 or a first 
set of sensors S1-S96 can be contained withm a first cable and a second set of 
srasors S97-S192 can be contained within second cable. 

FIGURE 9B shows an optica! sensor array 602 conqmsing fiber optic 
sensors. ITiis optical sensor array 602 is designated a 2 x (6 x 16) array because 
various configurations can be enq>loyed to accommodate 192 sensors S1-S192. 

In FIGURE 9B, the 32 return Ebar lines RF1-RF32 are separated into dgiht 
groups having four fibers each. Each group is connected to one of the 24-channel 
digital receivra/danodulalors 604 via four of the r^um fibers R1-R32. The 24- 
channel digital recdver/danodulators 604 comprise circuitry formed on circuit 
boards, and, are herrinaftar referred to as 24-charaiel digital receiver/demodulator 
cards or as fiber recdver cards. Each fibar receiver card 604 receives four of the 
retum fibras R1-R32 and, accordingly, contains four of the optical detectors Dl- 
D32 to sense flieligJitfi:om die four return fibcas. Each oftherctum fibers Rl 4132 
omtains the ott^ut of snc of flie acoustic sensors' S1-S192. The six ou^uts are 
modulated at difierent fiequendes, as described aibove. 

The optical detectors D1-D32 wifldn the fiber receive cards 604 comprise 
polarization diversity recovers as discussed above. Polarization diversity recdveis 
are known in tiie art and (me such polaiizaticm drveisity recovers desoibed inU.S. 
Patent 5,852,507 to Hall was cited above, hi this embodimoit containing a 
polarization diversity receiver, each of the optical detectors D1-D32 inchides three 
photodetectors, such as photodiodes, that sense respective portion of light from the 
beam incident on the optical detector in accordance with the polarization of the 
light the proces^g electronics 304 subsequoitiy sample the signal originating 
from each of the three i^otodetectors and selects the photodetector output that 
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yields the. stronger »gM -Jroj--»rfi acoustic channeL Hie output of ttus 
photodetector is thm onployed until the acoustic sensing system 100 is 
recalibrated. 

The output of the photodetectc»r is (firected to a transhnpedance amplifier 
and converted fix>m analog to digital via an analog-to-digital converter. This 
output, now in digital form, is mixed witfi a aomsoidal signal at the same 
modulation frequency at whidi the output of Ae six lasers L1-L6 is modulated, a>,, 
©2, ©J, ©4, ©5, and ©6, resulting in six signals herdn denoted II, 12, 13, 14, 15, and 
16. The digitized output of the photodetector is also mixed with a sinusoidal signal 
at twice the modulation frequency at which the output of the six lasos L1-L6 is 
modulated, 2©„ 2©^, 2©3, 2©^, 2©,, and 2©5,resulting in six signals heron demoted 
Ql, (^J, Q3, Q4, Q5, and Q6. These resultant signals individually pass fluDUgh 
circnitiy that perfcmns dedmation and through circuitry that provides gain. 

For eadioftfae optical drtectoisDl-D32, twelve signals are generated. Six 
signals are gmraated by mixing at the frequencies at which the six laser sources 
LS1-LS6 are modulated, e.g^ IU6. Six signals are gmerated by mixing at twice 
the frequencies at which the rix laser sources are modulated, ag., Ql-<^- Since 
each fiber recdver card 604 contains four of the opUcsi d^ectors D1-D32 that each 
receive light from six laser sources LS1-LS6, flien each fiber recdv^ card 
produces 48 resultant signals. One s^ of 24, derived fit)m demodolatioii at fte 
frequences ©„ ©2, ©3, ©4, cd,, ©« and are herdn denoted 11-124 and tfie ofricr set of 
24, dCTived from demodulation at the frequoides 2o„ 2©^, 2©j, 2©^, 2©,, and 2©^ 
are herein draioted, Q1-Q24. The dght fiber recdver cards 604 shown in flie 
d^tor/electronics assonbly 601 of FIGURE 9A-9B produce a total of 384 sudi 
resultant signals, herem denoted 11*1192 and Q1-Q192. 

Fkeferably, die magnitudes of the signals resulting from mixing wilfa 
sinusoidal signals having the modulation fiequmdes ©|» ©2» ^s> and ©« are 

equal to the magnitudes of the coneq^ondmg signals resulting from mixing with 
dnusoidal signals having ihc frequendes 2©,, 2©2, 2©,, 2©4, 2©„ and 2©^; that is, 
preferably |lli = IqiL Ich IQ2L IbI = IQ3|... |nS»2| = |ll92|. As 
described above, the mixed signals IM192, as well as Q1-Q196, each individually 
pass through separate circuitry that can provide gain, bi this manner the mixed 
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signals can be set to have equal magnitude, i.e., | II | can be set equal to I Ql 1, 
il2|canbesetequalto|Q2L...and ill92i can be s^ equal to |lI92|. 

Each fiber recdver card 604 contains two demultiplexers. One 
demultiplexer is dedicated to selecting tfie signals resulting from mixing witti a 
sinusoidal signal at the frequencies (o„ m„ 0^4, &sf ^ ^& ^-E- 11*124, the other 
demultiplexer is dedicated to selecting the signals resulting 60m mixing with a 
sinusoidal signal at the frequencies 2a>,» 2e>2, 2(0^ Zw^y l&s^ aod 2cd^ e.g. Q1-Q24. 
Hie donultiplexers sequoitially read the 24 resultant signals, e.g. 11-124 and 
Q1-Q24 and pairs the signals togetho*. In sequoice, each pair of resultant signals, 
Le., n and Ql, 12 and Q2, ... 124 and Q24, are ihca provided as inputs to cfrcuitry 
that computes the arctangent of the ratio of the two inputted dgnals, e.g., 
tan~'[ii/Qi], tan''[i2/Q2] * > - taD'*[i24/Q24]* This drcuitiy ou^uts the respective phase 
angles, f 1, ^2, . . . ^24. Each phase angle, 4^1-^24, etc., coireq>onds to the oo^t 
of (me of the acoustic sctsois S1-S24, etc. These phase angles, 4^1, ^2, . . . ^24, are 
ibca pmvided as input to circuitry that differratiates the phase angles with respect 
to thnetopnxhiced^l/dt, d^2/dt, . . .di^24/dt 

In the prefined embodiment, the an:tangrat drcuitry output 16-lntword 
correspondmg to phase. The drcuitiy that p^orms differentiation receives tihe 16- 
bit word and outputs a 32-bit word. This 32-bit word comprises two 16-bit words 
coire^nding to the difierentiated phase for two diannels, e.g. d<^l/dt and di^2/dt, 
packed into one 32-bit word. Thus, in each of the 24-channel digital 
receivei/demodulators 604, the results of two channels within the 24-channel 
digjtal receivei/dCTtiodulator are packed together mto one word and (he wcftd is 
oulputted fix>m die recdvei/demodalator 604. 

With rderence to FIGURE 9A and 9B, eadi 32-bit word outputted by one 
of die d^t 24-diannel digital recdvo/danodulators 604 is coiq>led to one of the 
d^t 12-DSP elemoits 606 via the diptal rignal processor cluster local bos 902 
and acconqianying link ports. This 32-bit word is unpacked into two 16-bit words 
in the 12-DSP elements 606. Since two of the channels are packed together, the 
output of the 24-dianneI digital recdvo/dmodulalors 604 can scnre as Ibo input 
for the 12-DSP elements 606. 
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Although dglit - fiber- recdver cards 0.e.» 24-chaiinel tfigjtal - 
recdvei/danodulatos) 604 are diown in FIGURE 9B, the number of fiber 
recovers that can be used is not restricted to eig^t For example^ Ibe number of 
fiber recdver cards can be reduced to four. More gfflerally, fte nmnbor of fiber 
receive 604 anployed can range fii>m one to more than eight Preferably^ 
however, the number of fiber recdvCT cards 604 corresponds to the numb^ of 
return fiber lines RF1-RF32 and the number of 12-DSP cards 606. 

Additionally, although each fiber recdver 604 shown m FIGURE 9A 
contains 24 channels^ eadi channel corre^nding to the output of one of the 
acoustic SCTSors 51-8192, fbo number of channels that can be used is not restricted 
to 24. 

12-DSP Cards 

As discussed above, the eight 12-DSP clients 606 recdvc 32-bit words 
outputted by the dgjit 24-channd digital lecdver/demodulators 604. Each one of 
the 12-DSP dements 606 is coiq>led to cme of the dght 24-diannel digital 
recdvei/demodulatdis 604 via die digital signal processor cluster local bos 902 and 
accampan3ing link ports. 

. Each 32-bit word recdved by one of flie 12-DSP elements 606 is jmpaskcd 
into file two componoit 16-bit words in the 12-DSP eloments 606. Eadi 16-bit 
word cone^nds to the output of one of die acoustic sensors S1-S192. 

The 12-DSP demoits 606 decimate tfie incoming signal reducing the data 
flow rate of fiie dgnals received by the 12-DSP elemmts to a rate more compatible . 
widi the sampling rate standard to conventional sdsmic recording eq uip ment The 
word "decimate^* is used herein in accordance with its conventional usage in the art 
as meaning to re-sample die signal at a lower late to reduce the original sampling 
rate for a sequence to a lower rate. In particular, in the pre&ned embodiment, the 
12-DSP elements 606 receive signals fiom the fib^" receive at a rate of 512,000 
samples per second and ou^ut a signal to die CPU 610 at a rate of 500, 1,000, 
2,000, or 4,000 5anq>les per second 

More spedfically, the 12-DSP elonents 606 convert die 16-bit words, 
which were obtained fiom unpacking the two components of the 32-bit words, 
fiom 16-bit fixed point words to 32-bit floating point wends. The these 32-bit 
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words aie passed through a muIti'Stage finite input response (FIR) filter, which 
serves as a low pass filter. This fiUor has a synunelric iixqpulse response and 
introduces no phase distortion or introduces only linear phase distortion across the 
firequ»des. The 32-bit floating point words are converted to 32-bit fixed point 
words and then passed to a RAM (Random Access Memory) buffer before being 
sent to the CPU 610. Each of these words coire^nd to the output of one of the 
acoustic sensors S1-S192. 

The 12-DSP elements 606 in the onbodiment depicted in FIGURE 9A have 
inteifices unique to the Analog Devices SHARC (Super Harvard Ardhitecture) 
2106X, e.g^ 21060, 21061, 21062, or 21065 DSP. 

As described above, eadi of the 12-DSP elements 606 couples its 
respective ou^ signal to file CPU 610 via the PCI bus 608. The PCI bus 608 is a 
generic bus conventionally employed in perscmal computers. As such, a wide 
variety of hardware is readily available fiiat inter&ces wifii a PO bus 608. 
CbnsequCTtiy, as hnprovCTients are made in hardware and electronics becomes 
fast^, components in fiie detector/electrmics assonbly 601 can be easily rq>Iaced 
with these faster PCI compatible electronics. 

Although dgjit 12-DSP cards 606 are shown in FIGURE 9A, the number of 
12-DSP cards that can be used is not restricted to dgjit For example, the number 
of 12-DSP cards 606 can be reduced to four. More generally, the number of 12- 
DSP cards 606 employed can range from one to more than sixtera. Preferably, 
however, the number of 12-DSP cards 606 coneqx>iids to flie nmnber of fiber 
recdver cards 604 and return fiber fines RF1-RF32. 

Additionally, although eadi of flie 12-DSP cards 606 shown in FIGURE 9A 
contains 12 outputs, each output correspoiiding to the output of two of flie acoustic 
sensors S1-S192, the numba of outputs that can be used is not restricted to 12. 
The rnmiber of outputs enq>loyed can range fiom two to more than 24» Preferably, 
howevCT, the mnid)er of DSP ouq»uts corresponds to (me-half tfie immber of 
recei ved/donodulalor channels. 

CPU 

The CPU 610 recdves the 32-bit fixed point words corresponding to fiie 
output of one of the acoustic sensors S1-S192 fiom the RAM bufior in the 12-DSP 
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cards 606. TTie CTU 610 truncates flie 32-bit words down to 24 bits. Tlie CPU 
610 also provides any necessary scaling to comply with the SE&D format 

Additionally, to comply with SEG-D format, the CPU 610 provides timing 
information. In particular, the CPU 610 outputs the absolute measure of time when 
the processing electronics 304 received the sync signal from the acoustic source 
130. This absolute measure of time is acquired from the GPS electronics 628 at the 
time the {m>cessmg electronics 304 recdved the sync signal. The GPS card can 
provide 1 part per milBonCppm) accuracy for time stamping events- TheCPU610 
also includes the measure of time that lapsed between when the processing 
electrraics 304 recdved the sync signal and when flie acoustic snsing system 100 
began sanq>ling, i.e., sen^g for acoustic vibration. The CPU 610 additioiially 
provides the time sqparatioa b^een the sanqiles. 

FIGURES 6 and 9A diow the CPU 610 outputtmg to flie reconiing and 
processing system 618 via the Ethernet bus 622. The signal ou^ut by the CPU 
610 corresponds to the filtCTcd diffCTentiated phase and also includes the timing 
information described above. This ou^ut is compliant with convoitional seismic 
data, and more specifically, with SEG-D format Accordingly, the phase data, i.e., 
the rate of change in phase, output by the CPU 610 is readable by convoitional 
setCTUc data recording and processmg equipment, which e.g., can use the phase 
and timing information to determine the amplitudes of the acoustic waves 102 at 
the sensors S1-S192. 

The iffocessmg electronics 304 shown m HGURES 6, 9A» and 9B can 
output data at a sanQ>le rate of 500 heitz (Hz), 1 Idlohoiz (U^ 
upon the usct's selection. The output data resolution is 24 bits. Ccmventional 
systems do not provide the ability to select sample rates oi^ fiir example, 2 and 4 
kHz. 

Although, the processing electroiSics 304 sshown in FIGURES 6, 9A and 9B 
provides output in SEG-D format, the invmtion is not so limited. Other data 
formats can be anployed, for example, SEG-Y or single precision (32-bit) ASCII. 
Preferably, such data formats are in conformity with conventional formats. 

The CPU card 610 shown in FIGURE 9A is electrically cormected to a 
mouse 904, a keyboard 906, an SVGA card 908 for display, and to a hard drive 
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612. TheCTUcafd610alsdhasC6to 1 910 and C6m2 912p6rts. As described 
above, the CPU card 610 couples to an qperafor console 616 via Ethernet 620. 

In the embodiment shown in FIGURE 9A, the CPU coi^les to the 1 2-DSP 
cards 606, the 16-channel A/D AuxiKary Input/Output Card 624 (denoted in 
FIGURE 6 as the Auxiliary I/O), and die GPS card 628 via the PCI bus 608. The 
CPU card 610 coiq>les to the frequency synfliesizer card 632 through the ISA bus 
640. The CPU 610 manages the operation and interaction of these cards. 

The PCI bus 608 as well as the ISA bus 640 are goieric buses 
ccmventimally employed in personal computers. As such» a wide variety of 
hardware is readily available that interfaces with these buses 608, 640, and in 
particular wiflitfiB PCI bus. Coiisequently, as irnpfovraiOTts are inade in hardware 
and electronics becomes fester, components m the processing electronics 304 can 
be easily replaced with these faster TCI (or ISA) compatible electronics. 

LasCT Sources 

In one preferred onbodimait of die invoition, flie lasers L1-L6 produce 
optical radiation at a nominal wavelengOi of 1319 nanometers (nmX corresponding 
to an <9tical frequency of ^proximately 227 terah^ (THz) in optical fiber. The 
frequcDcies may be separated by ^iproxmiatdy 0.5 to 3 gigahertz (GHz) and are 
modulated by respective carri^ betweoi qyproximatdy 2 (megahertz) MHz and 7 
MHz. 

The lasCTS L1-L6 may comprise NdrYAG lasers diat iare all identical except 
for the optical frequmcy at \diich th^ are op^ed. The tempCTatures of die lasere 
L1-L6 are piefCTably adjusted so fliat each laser has a unique operating qptical 
ficquency/wavelengdi. Opiating at dififerent optical frequencies avoids optical 
interference betweCT the optical rignals from diffonmt sources in the same fiber. 

Although NdrYAG lasers q>erat]ng at a nomioal waveleoglfa of 1319 nm 
are described above as being dppropnzXo for use as lasers L1*L6, the invention is 
not so limited. Rather, other lasors and other wavelengths can be eDq>loyed in 
accordance with the present mventiorL Additicmally, other modulatrcm fiequencies 
can be onployed. The selection ofzppmpn^e modulation firequendes is discussed 
more fully below. 
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Sbnilaily^ altfaough'^ six laser sources modulated at six modulatioa 
frequencies are shown in FIGURE 3, the number of laser sources that can be 
employed is not restricted to six. The number of laser sources employed can range 
from one to more than twelve. 

More» generally, mstead of employing laser sources LS1-LS6 to couple 
light into the acoustic sensors S1-S192, other optical sources can be used. The 
optical source can be a cdierent source sudi as a laser diode» or an incoherent 
source, sudb as a light emitting diode (LED) or a fiber source. 
Frequency Synthesizer Card 

The frequency synthenze card 632 provides waveforms to the laser sources 
LS1-LS6 to establish the frequencies at which the ou^uts of the lasers L1-L6 are 
modulated. The frequCTcy synthesizer card 632 also provides clock, 
synchronizatiori, and timing to the fibo- receivers 604 for synchronizing the system 
100 and phase locking the draiodulators 604 to fte modulators MI-M6. 

In the onbodiment shown in FIGURES 6, 9A, and 9B, the frequency 
synthesizer produces sSx periodic waveforms at rix diffoCTt frequencies cD|, g>2» cih> 
ci>4, a>$, (D^. The frequCTcy synthesizer card seiKls the wavefimns at the ^ 
frequendes g>|, &^ g>3, a>4> g»5, co^, to the laser modulation control drivar card 636 in 
die laser drawer 638 via electrical line 914. Tlie frequency synthe^zer card 630 
also smds the oitical timing and synchronization signals to each of the Gbct 
receiver cards 604. The fi:equency synthesizer card 630 sends these signals to the 
fiber receiver cards 604 via a plurality of shielded signal lines 916. 

As discussed above, the frequency synthesize card 630 sends Ae sync 
signal and clock signal to the fib^ receive cards 604 and, fifom these two signals, 
the fiber receiver cards 604 graerate digital carriers at tfie six modulation 
frequencies o,, a>2> cd4» ^» ^6 ^ twice the six modulation frequencies 2g>|, 
2g>2» 2g>3, 2g>^ 2id„ 2a>( for mixing and demodulation. 

AlAoug^ six frequencies are generated by the firequency synthesizer card 
630 shown in FIGURES 6, 9A, and 9B, the numbo* of frequoicies produced is not 
restricted to six. Thenmnber of frequencies employed can range from two to more 
than twelve. Preferably, the number of fipequencies will correspond to the number 
of laser sources LS1-LS6. 
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Selection of Modulation Freouciicies 

As noted above^ the signals fit>m six sensors, e.g. Sl-S6» may be 
multiplied within a dngle return fiber» e.g.» RFU using frequency division 
muhqilexing. Due to tiie nonlinear nature of tiie int^oomet^, this modulation 
results in signal ou^t fiom the interferometo^ modulated not just at the six 
modulation frequencies^ (- cd,/29cX \^iiere n = 1 , . . ^ 6, but also at 2^, 3^ » 44> etc. 
The fiequCTcies will be refeired to as the '^modulation frequencies'^ or 
"^iundamental fiequendes,"* and the higher multiples of 4 be referred to as 
*1iannonics,** such fliat the 2f^ signals are the "first hannonics,** or *1iannonics of 
the first ordar,** the 3^ signals are the "second hamionics," or **hannom^C5 of the 
second order,** ^c. The group of N fundamental frequencies will be referred to as 
the "fimdamental s^** Similarly, the group of N first harmonic frequencies will be 
refeired to as the ''first harmonic s^*' and so on for the higher harmonics. 

As noted above, the multiplexed intensity signal received by a given 
detector may be demultiplexed by detection of the rignals at 4 For tiie 

foregoing demodulation technique to vfork^ howevor, eadi of the 4 ^4 
components of ti>e multiplexed dgnal must be isolated in frequency space. That is, 
the set of 4 modulation frequencies must be selected so that no 4 or 24 
COTiponents (i.e., the "infrnnmation containing components'^ overiaps witii any 
oihcr frequency c(Hiq>onent, including any of Qie higher harmonics. Any 
information contandng component that is overl^qiped in fi:equency space caimot be 
unambiguously demodulated. As will become more clear below, this limitation 
complicates the selection of modulation fi^quffldes. 

Each fiequoicy component in the multiplexed output contains signal over a 
bandwidth centered about the frequency. The size ofthe bandwidth deprads upon 
the frequCTcy characteristics of the signal received by the sensor and possibly v^pon 
the fi:equency reqxHise of the senscMr itsel£ Once the operating bandwidth of the 
firequency components is known, Ihe various 4 values must be selected with 
sufBcient pacing to ensure that no overlapping results. The minimum spacing 
needed to avoid ovcdap between neighboring componrats will be referred to as Af. 

FIGURES lOA and lOB illustrate one qyproach to selecting frequCTcies so 
as to avoid intofering with information carrying conq>onent5. The plot dqncts the 
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multiplexed signal frequoicy spectrum containing acoustical information received 
simultaneously by a single detector from a plurality of acoustical sensors. The 
numbers represent frequency values in multiples of Af Thus, if Af = 0*5 MHz, the 
positions indicated as 9, 10, 11, 12, and 13 correspond to actual frequracies of 4.5 
MHz, 5.0 MHz, 5.5 MH^ 6.0 MHz, and 6.5 MHz, respectively. Hie largCT the 
selection of Af, the greater the posoble dynamic range of the system. Hius, in 
I^actice, Af is selected to be as large as possible. 

The multiplexed signal is depicted as a series of bullet-sluqped components 
(fisfcributed along the qpectrom. The width of each compon»t dq>ict5 the 
frequency bandwidth for that component of flie signal. The fi^quen^ value 
associated with a particular component indicates flie fi:equency at the centor of the 
con^nent Components containing the letter 'T** rqnesent fundamental 
fi^uencies. Components containing a number rqyresent harmonic frequencies, 
with the number rqpresenting the order of the harmonic. Thus, the first order 
harmonics contain a "l,** the second ord^ harmonics contain a "2,** etc. 
Harmonics higher than second ordo^ are omitted fimn FIGURES lOA and lOB in 
the interest of clarity* 

FIGURES lOA and lOB show multiplexed signal spectra fixr two systons 
in vAach the fimdamratal, first harmonic^ and secimd harmonic sets do not ov^lsp. 
The five-K^-source system of FIGURE lOA utilizes evody ^aced modulation 
fiequendes at 9Af through 13A£ The spacing betwem neighboring fundamental 
frequencies is selected to equal A^ the smallest spacing allowed FIGURE lOB 
iltusKrates die analogous rix-figfrt-source system using modulation frequencies at 
UAf timmgh 16A£ This approadi ensures that ttie fimdamental compouCTls will 
not be interf^ed with by any of the harmonics, and tfiat the first harmonics will not 
be interfered with by fbe fimdammtals or by the second or higher harmonics. 
Since th^ is no ov^l^ing of any of the information carrying signals, complete 
demodulation of the transited signal is possible. This ^proach, howevCT, fails 
to use large portions of the 6eqamcy spectrum. For example, FIGURE lOA 
demonstndes that the five-light-source system makes no use of the frequencies at 
Af multiples of 0 to 8, 14 to 17, 19, 21, 23, or 25. The highest information- 
ccmtaining frequency is depicted in FIGURES lOA and lOB as a dashed vertical 
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line. In drdfcr to simplify the electronics needed for piocessing the received signal, 
it is preferable to select this frequency to be as low as possible. nOURES lOA and 
lOB illustrate that, in the abswice of overlapping sets, the processing for five-light- 
source and OTC-light-source systems must be dedgned to handle fipequendes of at 
least 26Af and 32A^ req>ectively. 

The problem of unused firequeocy space associated with the ^roadi of 
FIGURES lOA and lOB is aggravated as flie number of ligjit sources increases. 
For an N-lighl-sonrce system, die lowest fundamoital fieqneiu^, f,. may not be 
dioseD below ^N-l)Af, and the pmctssmg qrstem must handle the largest first 
harmomc fieqoency, 2^ of (6N-4)Af. For exan^le, a twelve-Ilgbt-source system 
could not do better than f, = 23 Af and 2f„ = 68Af. 

FIGURES 1 1 A and 1 IB illustrate two embodiments in accordance wifli one 
aq>ectoftheixesaitiirvaition. Hje embodiments maintain aii equally qwced set 
of fundamental frequencies starting at a lower frequency dian allowed in flie nour 
ovolapping approach of FIGURES lOA and lOB. 

Comparison of FIGURES lOA and llA indicates fliat for fl»e five-light- 
source Systran the aribodiment of FIGURE 1 1 A reduces the lowest fimdamaital 
fiequnrcy from 9Af to 7Af, wiiile the highest first harmonic frequency is reduced 
from 26M to ?? Af This lowering of frequencies causes the beginning of the 
second harmomc srt (at 21Af) to be at a lower frequOTcy than the maximum 
frequency of the first harmonic set (at 22A0. The overli^iping of sets interleaves 
die individual fiequeDcyconqKmaits in sudi amanner that ncme of dieinfinmatioii 
carrying corx|Kmarts is intofoed vfilh. hi particular, the non-infcnmatioiicanying 
cimqKHient 3f„ ^ 21At is harmlessly nestled between the infonnadon canyir^ 
components 2^ and If,, at 20Af and 22A^ respectively. 

Similarly, a comparison of FIGURES 1(SB and IIB indicates that 6x fbxt 
six-fi^t-source syston die onbodimait of FIGURE IIB reduces the lowest 
fundamental frequrac^ firom llAf to 9d£, while the highest first harmonic 
frequency is lowered from 32Af, to 28Af: As with the five-light-source system, the 
lowest second harmonic frequency is interleaved betweoi die two highest first 
harmcmic frequences, such diat no information carrying componraits is interfered 
with. 
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The embodiments illustrated in HGURES llA and 1 IB may be 
goiCTalized to any multiplexed system utilizing three or more hght sources. For an 
N-light-somce system, where N > 3, an raibodiment includes equally spaced 
fimdamental frequaicies starting at f, = (2N-3)Af. For the remaining modulation 
ficquendes, this gives, for l>ieN, 4 = d + At 

This class of embodiments results in a highest first harmonic fi^equency at 
2f,, = (6N-8)Af. Cosnpanng these vahies with the conesponding values above 
indicates that Aese embodimmts reduce the lowest iundamental frequency by 2&f 
and the highest first hanmonic frequency by 4Af relative to tibe best non- 
ovolapping appto^Ox. TABLE I illustrates the sdection of modulation frequencies 
associated with tfiese embodiments for values of N ranging from 3 to 9. 


TABLE I 


N 

ModvlatiDD Frequencies (multiples of AO 

3 

3.4,5 

4 

5.6,7.8 

5 

7,8.9,10.11 

6 

9.10.11. 12. 13. 14 

7 

11. 12. 13,14.15.16.17 

8 

13,14.15,16.17.18,19,20. 

9 

15.16, 17,18,19,20,21.22,23 


HGURES 12 and 13 iUustrate two embodiments that Utilize a 2Mg^ 
otfierwise equalty spaced (at Mintkvak) set of fimdamCTtal freq^ 

FIGURE 12 shows a five-Iigiht-source anbodiment wifli fimdamental 
fieqoracies ranging from 6Af to lIAf» skipping an intmnediate podtion at 9A£ 
This selection of fundamental frequencies allows the first hanncmic set to shift 
down near the fundamental set It also allows the second hamionic set to 
substantially ovctI^ the first harmonic set The seccaid harmonic components are 
interleaved, however, so as not to interfere with any of the first hannonic 
components. 

Comparison of FIGURES lOA and 12 indicates that this five^light-source 
embodiment reduces the lowest fimdamental frequency from 9Af to 6Af relative to 
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the best non-overlapping approach^ while fhti higher fiist harmonic fiequency is 
lowered from 26 Af, to 22 Af. 

The embodimoit illustrated in FIGURE 12 be g»eralized to any 
multiplexed system utiliTing five or more ligjit sources. For an N-ligJit-source 
system^ where N > S» an embodiment includes equally q^aced fundamental 
frequencies starting at f| = .(2N-4)Af, except for skipping the frequency at 3(N- 
2)M Ihis gives the fi>Uowing modulation frequencies: f, = (2N-4)Aft f^^ = 
f^+2A^ f„ - (3N-4)Af, and, for 1 <ii<N- 1 > ^ = ti + Af 

This class of embodiments results in a highest first haxmonic frequency at 
2^ = (^*8)Af. TABLE 11 illustrates the selection of modulation frequeiMnes 
associated with tfiis embodimmt for N ranging from 5 to 1 1 . 


TABLEn 


N 

MDdBlafkHi Frcqnencies (multiples of Af) 

5 

6,7,8,10,11 

6 

8»9»10.11, 13,14 

7 

10,11, 12, 13,14,16,17 

8 

12, 13, 14,15,16,17,19,20 

9 

14, 15, 16, 17, 18. 19. 20, 22, 23 

10 

16. 17. 18. 19. 20. 21, 22, 23, 25, 26 

u 

1 8, 19, 20, 2 1 , 22, 23, 24, 25, 26, 28, 29 


FIGURE 13 dxyws a six*lig|it-source mbodimait Wifii frmdamental 
fi:equCTcies ranging from 7Af to 13&£, skipping an intormediate posticm at 12A£ 
Ibis selection of fimdamntal frequCTcies allows the first harmonic set to diift 
down until it abuts vp against flie fimdamental set The second harmonic 
components substantially overIq> the fiist hamKmic compcmoitSy hot are 
interleaved so as not to intofere wifli any of the infimnation carrying con9>onent8. 

Comparison of FIGURES lOB and 13 indicates that this six-lig)it-source 
embodiment reduces the lowest fundamental fiequency from 11 Af to 7Af relative 
to the best non-ovorl^ing q>proach, while the highest first harmonic fiequency is 
lowered from 32Af to 26A£. 
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The anbodiment illuslrated in FIGURE 13 may be g»eialized to aoy 
multiplexed system utilizing four light sources or six or more light sources. For an 
N-light-souice system, where N > 4, N # 5, an embodiment includes equally 
spaced fundamental frequracies starting at f , = (2N-5)A£; except for skipping flie 
position at 3(N-2)Af^ This gives the foQowing modulation fiequencies: f, = (2N- 
5)Af, f„ = ^,+2Af,and,forl<h<N, ^, = Ci + Af. 

This class of embodiments results in a highest first harmonic frequency at 
2^ =: (6N-10) A£ TABLE III ilhistrates the selection of modulaticm finequrades 
associated with tfais embodiment for N ranging from 4 to 1 1 . 


TABLED] 


N 

ModnlsitioB Frtqatades (muU^ies of Al> 

4 

3.4.5.7 

6 

7, 8, 9, 10,11, 13 

7 

9. 10. 11. 12, 13, 14, 16 

8 

11,12,13.14,15,16,17,19 

9 

13, 14, 15, 16, 17, 18, 19, 20, 22 

10 

15, 16, 17. 18, 19, 20, 21, 22, 23, 25 

11 

17, 18. 19. 20. 21, 22, 23, 24, 25, 26, 28 


FIGURES 14A and 14B illustrate a six-light-source embodiment that 
utilizes two gaps of unequal size. The CTibodiment uses fundamental frequencies, 
shown isolated m FIGURE 14A for clarity, at Af multiples of 5%, 7, 8, 9, 10, and 
llYz, As shown in FIGURE MB, Ms onbodimait results in an overly between 
the fundamental and fast harmonic sets» with the lowest first harmonic frequency 
(at llViAf) interleaved between the two highest fimdamoital fi^eqarades (at lOAf 
and 12i4Af). The third hanncmic set joins the second harmonic set in overlqiinng 
the first hamicmic set As required, the mterieaving of the ln^erhamx>mcs avoids 
interfering with any of the information canying conq)onents. 

FIGURES ISA and 15B illustrate a six-light-source embodiment that 
utilizes three g^s. This embodiment uses fundamental fi^uCTcies. shown 
isolated in FIGURE ISA for clarity, at Af multiples of 3, 4, S, 7, 1 1, and 13. As 
shown in FIGURE ISB. this CTibodiment results in the first, second and third 
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bannonic sets air ov^apping the fiindamdnlal seL The first hahnonic set is 
overlapped by high^ hannonics extending out to the seventh bannonic set 
Although FIGURE 15B indicates that there is substantial ov^I^ing between 
^Serent signal components (depicted by the bands on top of otho- bands), none of 
the overlapping interferes with the infmnation carrying componoits. 

The embodiment illustrated in FIGURES ISA and 15B may be gCTeralized 
to any multiplexed system utilizing four or more light sources. For an N-li^t- 
source syston, where N > 4, ao embodimmt includes fundamental frequencies at 
multiples of Af equaling 3 and 4, followed by the next N-2 consecutive prime 
numbers beginning at 5. Thus, flie modulation frequencies may be written as: f, = 
3Af; f2=4Af;and,for2<^i:^,4=X^whereX.istfie(]i-2)thcom 
number startmg at S. TABLE IV illustrates the selection of modulation 
frequencies associated with this ombodimrait for different values of N. 


TABLE IV 


N 

Modabtfoii Ftrcqaendes (nmH^ks of AO 

4 

3,4.5,7 

5 

3,4.5,7,11 

6 

3,4.5,7,11, 13 

7 

3.4,5,7,11, 13, 17 

8 

3,4,5.7.11, 13,17,19 

9 

3.4.5,7,11, 13,17,19,23 

10 

3,4,5,7,11,13,17,19,23,29 


Although the embodiments illustrated above usually present the modulation 
frequencies as integer values of the minimimi spacing parameter, it will be 
recognized by one dolled in the ait that the invention could be practiced by 
choosing frequencies varying sli^idy from these int^er values. The amount of 
variation allowed depends iqx>n the relative sizes of the component bandwidths and 
Af. Furthermore, FIGURES lOA through ISB depict systems with component 
bandwiddis exactly equal to Af. This aspect of the figures is stylistic. The 
embo^ents presented above inchide systems for which the ccm^xment 
bandwidths are narrower than A£ 
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HiphPrgssiire. KSeh Temperature Hydrophone 

In preferred embodiments of the present invention, the hydrophone sensor 
array op^es at pressures of at least 5,000 psi and at toiperatures of at least 
130^C. More prefaably» the hydrophone sensor array opiates at pressures of at 
least 5»000 pri and at tenqperatures of at least ISO^'C. Most prefoably, the 
hydrophone sensor anray operates at p ress u res of at least S»000 psi and at 
temperatures of at least 1 SOX. 

In particularly preferred embodiments of the presoit invention, the 
hydrophone sensor array operates at pressures of at least 8,000 psi and at 
temperatures of at least 11 OX. More prefoably, the hydrophone sensor array 
opiates at pressures of at least 8,000 psi and at temperatures of at least ISO^C 
Most pref^ably, the hydrophone sensor array operates at pressures of at least 8,000 
psi and at temperatures of at least 180X. 

The small outer diam^er of the hydrophone sensor airay of the present 
invention is particulai^ advantageous. In {mfeired embodiments of the present 
invention, tibe out^de diameter of the sensor array is no more than hS inches. Jn 
particularly prefened raibodiments, fhc outside diameter of tibe sensor air^ is so 
tmm than aqiproximately 1375 inches. In other preferred embodiments^ the 
outside diamrter of the sensor anay is b^ween sqpproximately 1375 inches and 
sqpproximately 13 inches. In still other preferred embodimCTts, flie outade 
diameter of the sensor array is no more than approximately 1.0 inch. The small 
outside diametCT of the sensor array allows the hydrophone to be inserted into the 
downhole casing of a well without removing die production tubing. The sensor 
anay may also be ins^ed into a length of production tubing. 

The outside diameter of the hydrophone sensor array of the present 
invention is substantially uniform (± 0.020 inch) over the length of the array. The 
uniform outside Azsndta permits the array to be inserted into a convmticmal 
grease injection head of an oil well und^ pressure so that pressure control of the 
oil well may be maintained. The outer covoing of the array fits snugly in the 
injection head and is lubricated by grease undor pressure so that the array may be 
lowered into the well without releasing the pressure in the well. One skilled in the 


-46- 


CA 02320449 2000-09-21 


ait will iqipreciate tiiat a stacked fitting is advantageously ^lied to tbe wellhead 
to accommodate Ifae smallo- unifbnn outside diameter of the downlead cable. 

The genial layout of a preferred hydrophone embodiment 1 000 is shown 
in FIGURE 16, y/inch is capable of operating under extreme conditions such as 
tempCTatures of iq) to about 220*'C and pressures of 10,000 or even 15,000-20,000 
pounds per square inch {psi). The hydrcq>hone may also operate satis&ctorily 
undor less extreme conditions sudi as traipmtures of at least ISO^C and pressures 
of SOOOpsi, or tempei a luf es of at least 130^ and pressures of at least 6000 psi. 
Sensors 1002 are inserted at periodic intervals along a 1.0 inch to 1.5 inch diameto' 
(e.g.y 1.25 inch diameter) cable 1004, with one such seusor 1002 bdng shown in 
FIGURE 16. Attemadvely, the cable 1004 may have a diameter b^een 0.9 indi 
and 2.0 indies. In one preferred embodiment, the soisois are spaced almost 
exactly 5 feet fiom eadi other, within a tolerance of Va indL The cable 1004 
includes an outer ^eath 1008 which surrounds a fiUo- member 1012 that extoids 
around the sensors 1002. In the portions of the cable 1004 away fiom the srasors 
1002, the outer sheath 1008 surrounds a core m^ber 1016 which surrounds a 
phirality of tubular strands 1020 disposed around a central strength member 1024. 
These relationships are seen more clearly in the cross sectional view of the cable 
1004 shown in FIGURE 17. 

The central strength member 1024 is located along Ae center of the cable 
1004 and provides strength to the cable 1004 accpt at those locati(»i5 where the 
sensors 1002 are located. The str^igtfa member 1024 includes a plastic dieath 
1028 that surrounds 6*8 bundles 1030, with each bundle having 15-20 steel strands 
1034 of a diameto* of approximately 0.015 indL The ovoall diameter of ttie 
strength membo- 1024 may be 7/32 inch. The tubular strands 1020 may be, for 
example, 0.084 indi diameter Hytrel™ 5556, Hytrel™ 7246, or Hytrel™ 8238 
from DuPont (which have melting points and ^cat softening points of 203X, 
180^C; 21 8X, 207*0; and 223°C, 212^*0, respectively). The tubular strands 1020 
surround conductors or optical fibers, or the tubular strands may just be empty 
(filler strands) to lend structural integrity to the hydrophone lOOO. In one 
particular embodiment, twelve tubular strands 1020 are used, in which two strands 
carry copper conductors, four strands each cany six optical fibers, and the six 
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remaining strands are filler strands. Such an embodiment is suitable for use in a 6 
X 16 array in which two optical fibers are designated as spares. The copper 
conductors may be used to provide electrical power to a device at the distal end of 
the cable 1004, e.g., a gamma tool for sensing purposes. 

The core member 101 6 extends along the length of the cable 1004 except in 
and around the srasors 1002. The core mwnber 1016 may advantageously be 
Furon (061 1-950 from Furon Company). In the area of eadh soisor 1002, the AIIct 
member 1012 is advantageously polyureahane (e.g., PRC 1547 from Courtaulds 
Aerospace) which extends out to a diameter of 1.0 inch to hold together the 
components making up the sensors 1002. As such, the filler member 1012 is 
formed around the soisors 1002 after flie sensors have been positioned within &e 
cable 1004. The outer sheath 1008 may be 0.1 inch thick Hytrel™ 5556, Hytrel™ 
7246, or Hytrel™ 8238 and extrads along the oitire lengdi of flie cable 1004. (A 
high tanperature. Teflon-based material such as Tefeel may be substituted for the 
Hytrel™ materials herein.) The outer sheath 1008, the fillo: membo- 1012, and the 
core member 1016 function as protective layers to protect the hydrophone 1000 
Oncludmg its refiaroice mandrel and its sensing mandrel, discussed below) fix>m a 
corro^ve caviroimiait The outside diameter of the hydrophone 1000 is preferably 
less than qjproximately L5 indies, and more prefewbly is less than approximately 
1 indL 

As sem in FIGURE 16, flie strragfli manbo- 1024 is jomed to a flange 
1040 ^ch transfers axial load fiom the strengOi member 1024 to a stress relief 
mediamsm such as a phirality of stress relief wires 1050 (discussed below in 
connection with HGURE 18) and then to a second flange 1040. hiflusmami^, 
the hydrophone 1000 (and m particular, the refermce mandtel, the sensing 
mandrel, the refCTcnce fiber, and the sensing fiber, which are discussed betow) are 
substantially isolated firom tfie axial load. The strength member 1024 is 
advantageously surrounded by a S|»ing 1060 near that point where the strength 
member 1024 is joined to the flange 1040 by a conventional high-pressure swaging 
process. The tubular strands 1020 also advantageously pass flirough the spring 
1060, although the strands 1020 are not shown in fliis portion of FIGURE 16 for 
the sake of clarity. 
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As seen in FIGURE 1 8^ the flanges 1040 are located near respective ends of 
the hydroplK>ne 1000. The flanges 1040 may include a plurality of raised areas 
1064 around which the stress relief wires 1050 are wrapped and between which 
thm are grooves (not shown in FIGURE 1 8) that receive the tubular strands 1020. 
A plurality of 1-inch Icmg spnag members 1080 (discussed below) support the 
stress rdief wires 1050. The stress relief wires 1050 advantageously cross over 
eadi other as shown in FIGURE 18 to form a "'cage" that pievaits the cable 1004 
fixnn being twisted excessively^ which could damage &e sensors 1002. The stress 
relief wires 1050 {Hcfoably wn^ at least 2/3 of the way around the sensor 1002 in 
the radial sense as they extend fnnn one flange 1040 to the oflier flange. With diis 
arrangement, the stress relief wires 1050 cross over each other between the spring 
members 1080 radio- than on top of the ^ring members 1080. The flanges 1040 
themselves preferably have no sharp edges or features^ in order to reduce the risk 
of damage to the tubular strands 1020, or to the conductors or optical fibers therein. 
For the same reason, the stress relief wires 1050 may be Teflon coated. The 
hydrophone 1000 is advantageously constructed to be flexible enougih that it can be 
bmt to a radius of curvature of less than approximately four feet 

As illustrated in FIGURE 19, the SCTsor 1002 includes a telmietry can 
lld4» a reference mandrel 1110, and at least (me, but preferably two, sensing 
mandrels 1 120, 1 122, all of wUdi are aligned end-to-end (coaxially) to reduce the 
profile of die cable 1004. This is U> be contrasted witb the common prior art 
configuration of pladng ttie refoence mandrel within the senang mandrel. Using 
two sensing mandrels 1120, 1122 instead of just one may result in improved 
sraativity, rince all other things bdng equal, using two sensing mandrels pennits 
more SCT^ng Sba to be used. The telemetry can 1104 has a hole 1128 thoem for 
receiving a distribution fiber (bus) 1130 that carries an ir^ut optical signal 1132 
genoated by an optical source. Together, the sensors 1002 along the cable 1004 
may advantageously form a sensor array such as the 6 x 16 optical array described 
in the copending U.S. Patent Application Serial No. 09/107399 entitled 
''Architecture fcnr large optical Sber array using standard 1x2 couplos,** filed June 
30, 1999, whidi is herd>y incorporated by reference herein. The distribution fiber 
1130 is sphced to an ir^ut telemetry coupler 1 150 (see FIGURE 20AX which is 
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advantageously located within the telemetry can 1104: A second hole 1134 in the 
telanetiy can 1104 permits passage of the distribution fiba: 1130 out of the 
telemetry can 1 104 after a portion of the input optical signal has been tapped ofifby 
the coupler 1 150. When the sensor 1002 forms part of an array, the distribution 
fiber 1130 may be advantageously coupled to other sensors at furtho' locations 
along fbc airay cable 1004. 

The telemetiy can 1104 likewise houses an output telemetry couplo' 1 154 
coupled to a r^um fiber (bus) 1160. Hie return fiber 1 160 ent^s the telan^ can 
1104 through a third hole 1164. As the return fiber 1 160 enters Oie telemetry can 
1104, the fibCT 1160 alreacfy canies output optical signals fiom sensors located 
distal of the smsor 1002, unless the sensor 1002 is the most distal sensor on a 
r^um fiber. A perturbed, output optical agoal 1168 from the sensor 1002 is 
coupled by the output telemetry coupler 1154 onto the r^nrh fiber 1160. The 
Tdtam fiber 1 160 thai passes through a fourth hole 1 172 in ttie telemetry can 1 104 
and may be coupled to other sensors along the cable 1004 before bring directed 
towards signal processing electronics. 

The optical ardiitecture related to the reference mandrel 1110 and sensmg 
mandrels 1120, 1122 is now described. The input optical signal tapped offby flie 
ii^mt telemetry coi^ler 1150 is directed along an ir5>ut optical fiber 1180 that 
passes through a hole 1184 in the telem^ can 1104 and a hole 1188 in die 
reference mandrd 1110. As shown in nGURB20A, the ii^ut optical fiber 1180 is 
joined to an iiq)Utliydroph«Mie collier 1192. The input hydrophone coupler 1192 
is located witfiin the rcf«ence mandrel 1110 and directs a firaction of flie input 
optical signal onto a refcarcnce fibor 1196. Another fiaction of Ae input optical 
signal is directed (mto a sensing fiber 1 198. 

The refCTcnce fiber 1196 and the sensing Gba 1198 act as a retrace arm 
and a sensing arm of an interferometer, respectively, which in FIGURE 20A is 
ilhistrated as being a Mach-Zehnder interferometer. The reference fibw 1 1 96 exits 
a hole 1202 in the reference mandrel 1110 and forms 8 "lay^s" around the 
reference manual ^e., the referaice fiber is wrapped 8 times in a close packed 
fashion around the reference mandrel 1110 such that each loop of the reference 
Sber on the mandrd is in contact with an adjacoit loop of the reference fiber) 
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before reeaXtnhg the reference mandrel 1110 tfaiough another hole 1206. The 
sensing fib^ 1198 passes out of a hole 1210 in the reference mandiel 11 10 and 
forms one lay«- around the sensing mandrel 1120 before being directed to the 
sensing mandrel 1 122, where the sensing fibCT forms 4 lay^s. The sensing iSber 
1 198 is then directed back onto the sensing mandrel 1 120 wh^ the srasing fiber 
forms 3 additional layers, so that the sfflsmg fiber forms a total of 4 layers on the 
sensing mandrd 1120. At this pointy the sendng Gber 1 198 eaters a hole I2I4 in 
the reference mandrel 1110. The referrace fiber 1196 and the s»sing fiber 1198 
are spliced to an output Iqrdropbone couplo^ 1218 (see FIGURE 20A) located 
within flie reference mandrel 1110. Ughtprc^gatingto decoupler 121 8 firai the 
two arms interferes at the coupler 1218. Specifically, the output hydrophone 
coupler 1218 receives an optical signal firom tfie reference aim (reference fiber 
1196) and an optical signal fiom the sensing arm (sensing Sber 1198), and 
produces an ou^ut optical signal which is directed onto an ou^ut optica] Sber 
1222. The output optical fiber 1222 passes out of a hole 1226 m the reference 
mandrel 1 1 10 and into a hole 1230 in the telemetry can 1 104. The ou^ut optical 
fiber 1222 carries the perturbed^ optical ou^ut signal and is sliced to tiie ou^ut 
telemetry coiq[>ler 1 1 54 as described above. 

The sensing fib^ 1198 is wound m tension around the sensing mandrels 
1120, 1122. The sensing mandrels 1120, 1122 deform (expand and ccmtiact) in 
re^Tonse to acoustic signals, sudh that the tension in the sensmg fiber 1198 tiiat 
surrounds the smang mandrds is modified, thus dianging the overall Imgft of the 
sensing fiber 1198. The lengtii of flie s»smg fiber 1198 and flius tfie (^tical path 
logtii for optical radiation passing tinoug^ tiie sensing Gbet 1 198 is altered, which 
in turn affects the phase difference betweoi the optical radiation propagating in the 
refermce Sber 1 196 aiui the optical radiation propagating m the sensing fiber 1 1 98. 
In this way^ flie srasor 1002 acts as a Madi-Zehnder intoferometer that records 
variations in acoustic pressure. Although a prefored sensor architecture has been 
described with respect to 8 layers of fiber around the reference mandrel 1 1 10 and 4 
layers of fiber around each of the seising mandrels 1120 and 1122, utilizing a 
diffmnt number of layors is possible. Ino-easmg the number of layers and sensing 
mandrels leads to greater srasitivity, but also increases the cost The sctsot 1002 
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herein advantageously has a high scale factor of *140 dB relative to 
radi ans/mi cropascaL 

A diffCTCTt interferom^or configuration^ ag., Michelson or Fahry-Perot is 
also possible, FIGURE 20B iDustrates an alternative configuration, ^ch 
functions as a Michelson interfCTomelCT. The input hydrophone coupler 1 192 and 
the output hydrophone coupler 1218 are rq>Iaced by a single hydrophone coupler 
1 199 which p^onns both functions. At the oad of the referaice fiber 1 196 and at 
tihe end of the sensing fiber 1 198 are placed respective reflectors 1200a and 1200b» 
ibmby pennitdng optical interfermce in the hydn^hone coupler 1199. The 
hydrophone coupler 1 199 of this Midielscm configmation is advantageously placed 
within the reference mandrel 1110. 

FIGURE 20C ilhistrates yet another alternative configuration; which 
fimctioQsasaFabiy-Paotintedaromet^* In this design, tfaore is no reference fiber 
1196orrefeienceinandrerill0. At the ou^mt side of tibe input telCTietrycoi^ler 
11 50 there is a partial reflector 1201a. Similarly, a partial reflector 1201b is at tihe 
input side of flie ou^ut telemetry coiq>lCT 1154. The partial reflectors 1201a, 
1201b form the Fahry-Fcrot intCTferometer and are preferably fiber Bragg gratings. 
In this configuration, the input telemetry coupler 1150, the output telemetry 
coupler 1154, and fee partial reflectors 1201a, 1201b are advantageously housed 
within the telraietry can 1 104. 

The telemetry can 1104, the referaoce mandrel 1110, and the sensmg 
mandrels 1120, 1122 prefoabty include respective main bodies 1260a, 1260b, 
1260c, 1260d of length 3.9 mdies and disoneter of approximately 0.48 indi as well 
as respective pairs of endcaps 1264a, 1266a; 1264b, 1266b; 1264c, 1266c^ 1264d, 
1266d (discussed in more detafl below), as ilhistrated in HGUIffi FIGURE21 
ilhistrates the reference mandrel 1110 in more detail As indicated in FIGURE 19, 
file various fibers rater and exit through holes located in the «dc^ 1264a, 1266a; 
1264b, 1266b. Fibers do not pass through any of the endc^ in flie sensmg 
mandrels 1120 and 1122. The radcaps 1264a, 1266a; 1264b, 1266b; 1264c, 
1266c; 1264d, 1266d (discussed in more detail below) preferably have a convex- 
shaped, hemisqpherical contour to help withstand high pressure and advantageously 
have diametos y/lntitk are slightly larger than the diameto^ of their respective main 
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bodies iieba, 1260b, 1260c, 1260d, so that the layers of fibCT are confined to wr^ 
around the main body. The telemetry can 1104 is pref^ably of metallic 
construction* sudi as sted* and preferably has metallic endcaps 1264a, 1266a. 

The reference mandrd 1110 provides a stable reference against which 
optical path length dianges in Ae sen^g arm can be d^omined* the reference 
mandrel is substantially insensitive to acoustic signals to reduce flie effect of the 
acoustic signals on the referrace fiber 1196. To reduce defonnaticHi of the 
referezK^ mandrel 1110 in reqxmse to changes in pressure, the referee mandrel, 
including its endcaps 1264b, 1266b, is advantageously made of metal, such as 
steel. On die odier hand, the walls of the reference mandrel 1110 are preferably 
kept thin, e.g., to about 0.05 inch, to reduce the profile of the &vice, whidi tends 
to allow some pressure response fiom the reference mandrel 1110 (i.e., some 
flexing of the reference mandrel) in response to acoustic signals. To compoisate 
for this and reduce the sensitivity of the referaice mandrel 1 1 10 to acoustic signals, 
a cover 1270 may be advantageously placed over the referrace Gbct 1 196 (^own 
in cutaway in FIGURE 21), in vMoh the cover 1270 advantageously extends 
between and is sealed to the mdcaps 1264b, 1266b. An air cavity at, for exanq>le, 
1 atmosphere may be formed b^een die cover 1270 and the refmnce fiber 1 196 
to act as a ^essart buffo. The outsidp diameter (OJD.) of the covct 1270 may be 
about 0.53 inches. An adhesive such as Torrseal™ may be used to seal the cover 
1270, in whidi the adhesive is allowed to flow over the endc^ 1264b, 1266b as 
well as those portions of the reference fiber 1196 extending qiproximat^ 6 mm 
fiom either end of the mam body 1260b. The cava 1270 thus isolates the 
reference fiber 1196 fiom ambimt pressure, therd>y improving the stability of die 
reference mandrel 1110 as an int^erometric refopence source. The refoence 
mandrel 1110 may be partially potted to hold the input and output hydn^hone 
couplCTS 1 192, 1218 in place, or alternatively, glue may be used 

The seising mandrels 1120, 1122 are made of a high temperature material 
whidi, when it is subjected to high pressure, is stiff enough that the mandrels do 
not crack due to deformation. On the other hand, the mandrels 1120, 1122 are 
flexible enough that tfiey braid (undergo strain) in reqxmse to acoustic pressure, 
without buckling under hydrostatic pressure. FurtfaCT, this high tenq>erature 
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material has a stifbess that Eonains lelatively stable at temperatures over 200 ""C 
Two plastics that are suitable for this purpose are Torlon™ (q>ecifically Torlon™ 
5030) and Celazole™. Of the two» Celazole™ is preferred because it is stable up 
to highCT tranpcratures, and because its slightly lower stiffoess results in greater 
sensor smsitivity, FurthCT, Celazole™ exhibits lower creep under hydrostatic 
loading. This latter feature is important in the context of xntCTferometers, since 
dianges as small as a few tenths of a percait in the length of the sensing fiber 1 198 
can significantly rfimmish the noise perfonnance of the hydrophone sensor 1002. 
Both Torion™ and Celazole™ are advantageous over the prior art mat^als, which 
include thin wall alnmiimm and polycarbonate. Polycarbonate^ for example^ is in 
general not suitable for work at tanperatures above about 105 Torlon™ and 
Celazole™» however, are suitable for work at pressures of at least 10,000 or even 
1 5,000-20,000 pounds per square inch and tCToperatures of at least 220 

Torlon™ 5030 is a polyamideiinide and has a tCTsile strength of 24,000 psi, 
a tensile modnhis of elasticity of 1,200,000 psi, an elongation of 4 %, a flexural 
strmgtb of 36,000 psi, a flexural modulus of elasticity of 1,000,000 psi, a 
compressive strength (10% deformation) of 38,000 psi, a compressive modulus of 
elasticity of 600,000 psi, all of which are measured at 73 ^'F. Further, Torlon™ 
5030 has a cocfBcirat of linear expansion of LO ^KT^ in/in/^F, a heat deflection 
t^perature at 264 psi of S39^F, and a maximum continuous service temperature in 
airof500'*F- (All values are ^raximate.) 

Cdazole™ FBI (polybenzimidazole) has a tenale strength of 23,000 psi, a 
tenale modufais of elasticity of 850,000 psi, an elongation of 3%, a flexural 
strength of 32,000 pa, a flexural modulus of elasticity of 950,000 pri, a 
compresave strength (10% defonnaticm) of 50,000 psi, a compressive moduhis of 
elasticity of 900,000 pd, all of whidi are measured at 73 ''F. Furtir^, Celazole™ 
5030 has a coefBdent of linear e^qiansion of 13 xlO^ in/m/°F, a heat deflection 
temperature at 264 psi of SOO'^F, and a maximum continuons service temperature in 
airofVSO^'F. (All values are ^jproximate.) 

The endcaps 1264a, 1266a; 1264b, 1266b; 1264c, 1266c; 1264d, 1266d are 
advantageously hemispherical so that the tel^etry can 1104, the reference 
mandrel 1110, and the SCTsing mandrels 1120, 1122 flex more uniformly when 
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subjected to pressure and can therd)y withstand the higher pressures that inay be 
encountCTcd in the down hole q>plications disclosed herein^ which may easily 
exceed 3000-4000 psi. This hCTai^herical design avoids stress being concentrated 
in small areas and is to be contrasted with the {Hior art design of cylindrical 
endcaps which can fail under hydrostatic pressore. 

The endcaps 1264a, 1266a; 1264K 1266b; 1264^ 1266c; 12644 1266d 
(^wn in their assembled configuration in FIGURES 19 and 21) are 
advantageously all the same shape, whidi is illustrated by the cross sectional 
representation of a preferred ondcap 1264a shown in FIGURE 22. The outside 
diameto- (O.D.) of the mdcap 1264a (designated as in FIGURE 22) is 
advantageously ^roximatdy 0.477 inches. Tlie endc^ 1264a has a Up 1280 that 
has an OJ). of about 0.206 inches (designated as 'V* in FIGURE 22) and an IJ>. 
of about 0^06 mches (designated as "A'* in FIGURE 22). The lips 1280 of the 
endc2q)S 1264a, 1264b» 1264c, 1264d are deigned to slip within and mate with 
their respective main bodies 1260a, 1260b, 1260c, 1260d. Each of the ^c^ 
1264a, 1266a; 1264b, 1266b; 1264c, 1266c; 1264d, 1266d is preferably of the 
same material as its coETeqiKmding main body 1260a, 1260b, 1260c, 1260d. Tlius, 
file mdcaqps 1264a, 1266a, 1264b, 1266b are prefoably metallic. The endcq>s 
1264c, 1266c, 1264d, 1266d are preferably either Torkm™ or Celazole'™ to match 
flie construction of their respective main bodies 1260c and 1260d. 

FIGURE 19 diows fbsai th^e are three pairs of opposite^ &cing endows: 
1266a, 1264b; 1266b, 1264i^ and 1266c, 1264d. Eadi of these pairs of endcaps is 
advantageously sanounded widi a resiHent^ pliable roatraial (not diown in 
FIGURES 16, 18, 19, 21, 22 Bar flie sake of clari^) such as polynrethane (PRC 
1547 is prefeirecQ whidi fioms a flexible interiink. For example, polyureOiane 
forms a flexible interiink 1296 (see FIGURE 23) fliat joins tiie mdcsp 1266a of the 
tel^etry can 1104 to the endcq> 1264b of tfie reference mandrel 1110. The 
interlink 1296 includes grooves 1300, 1304 therein for accq>ting the optical fibers 
1180 and 1222. Likewise, another flexible interiink (not shown) joins the 
referrace mandrel 1110 to the sensing mandrel 1120, and yet another flexible 
interlink (not shown) joins the soi^g mandrels 1 120, 1 122 to each other. Each of 
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these additiona] interlinks has grooves therein for accepting the sensing fiber 1 198, 
thereby protecting the sensing fibCT 1 198 from damage. 

In the case of the telCTietry can 1104 and the refa^enoe mandrel 1110» Oie 
interlink giooves 1300, 1304 are aligned at both ends of the flexible int^Unk 1296 
with a hole in an endcap, e.g., the groove 1300 may be used to route the input 
optical fiber 1 180 fiom the hole 1184 in the telemetry can 1104 to the hole 1188 in 
the relCTence mandrel 1 110. Similarly, the groove 1304 may be used to route the 
oulput optical fibor 1222 finom flie hole 1226 in the reference mandrel 1110 to the 
hole 1230 in the telemetry can 1104. (The endcaps 1264c, 1266c, 1264d of the 
sensing mandrels 1 120, 1 122 advantageously use grooves (not shown) raflier than 
holes for recdving the s^ing fiber 1198.) The interiink 1296 is thicker between 
die endc;^s 1266a, 1264b than it is near the endcaps as a result of the 
hemi^hmcal shapes of the endcaps, which helps reduce any localized stresses that 
might break the fibers 1180, 1222. Further, the grooves 1300 and 1304 are 
advantageously cut to different depths so that the fibers 1180 and 1222 lie in 
difieient planes, i.e., the fib^s 1180 and 1222 cross over and are adjacmt each 
oAer wifliout ''pinching each other. Specifically, the re^ective depths of the two 
grooves 1300, 1304 may be selected to differ by at least the width of one of the 
fibos 1180, 1222. For example, the groove 1300 may be cut one fiber width 
deeper than groove 1304, with Ae inpiA optical Gbct 1180 (which carries the input 
optical signal) being laid down first during assembly. VfiOi the input optical fibor 
1180 in place, tfie output (^tical fib^ 1222 (iiiiiidi carries the potuibed, output 
c^cal signal) may then be placed down in the gn)ove 1304 so that fbo oulput 
optical fiber 1222 crosses ov^ the input optical fiber 1 180. 

The flexible interlinks, such as the interlink 1296, pomit tfie cable 1004 to 
be bent and flexed in the normal course of operations, e.g., while the cable 1004 is 
being reeled in or out, without breakage or damage to any of the fibers. Likewise, 
the grooves 1300, 1304, as well as the grooves in the other interlinks (not shown), 
are multi-layered so that when the cable 1004 is bent, the fibers will not damage 
each other. The grooves 1300, 1304 allow the fibers 1 180, 1222 to be routed with 
a well controlled pitch across a flexible portion of the hydrc^hone 1000, namely, 
tfie interlink 1296. The grooves 1300, 1304 also ensure fliat the fibers 1 180, 1222 
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maintain this pitch while entering and exiting the interlink 1296. In one preferred 
embodiment^ this pitch is ^proxunately 1/3 inch, i.e., the fiber 1 180 (1222, 1 198) 
makes one complete revolution around the interlink 1296 for every 1/3 inch along 
the Imglh of the interlink. The fiber 1 180 (1222, 1 198) preferably forms an angle 
of at least about 72 degrees with the axis of the cable 1004 (or hydn^hone 1000) if 
Hxe mtolink 1296 has a diameter of 0.48 indi (or a smaller angle for a smaller 
diamder interlink, and a larger angle for a larger diamet^ interlink). Thus, the 
fiber 1180 (1222, 1198) prefmbly forms an angle 6 with the longitudinal axis of 
the hydrc^hone 1000 such that cosO times the diam^er of the hydrophone (or 
interlink 1296) is less than about 0.18. The mtolinks 1296 may advantageously be 
1 inch long, corre^nding to 3 complete revolutions of the fibo* 1 1 80 (1222). 

The intoliriks may be constructed by taking a pair of e»dcq>s (e.g., 1266a, 
1264b) and aligning fhCTi so that they are oppositely facing each other, in 
accordance with FIGURES 19 and 23. Short segments of wire (not shown) such as 
coppo^wiiesmay then be ins^ed into each of the holes 1184, 1230 oftheeadcap 
1266a and the holes 1188, 1226 of the endcqi 1264b. With the wire segmoits in 
place, a mold (not i^wn) may be used to form polyuretfaane around the pair of 
oppositely £unng eQdcq>s 1266a, 1264b, during which time the wire segments 
keep polyurethane out of the holes 1184, 1230, 1188, 1226. The wire segments 
may then be r^oved and tfie grooves 1300, 1304 cut in die polyur^iane, so diat 
the grooves 1300, 1304 are propoly aligned with fttk respective holes in tfie 
eadcaps 1266a, 1264b. 

The telemetry can 1104 is f^fmbly assembled by beginniiig with two 
pieces (not shown) corre^nding to the two halves of a main body that would be 
formed when the main body is cut lengthwise. Next, the fibers 1130, 1160 are cut, 
passed through thdr corresponding pairs of holes (1128, 1134 and 1164, 1172, 
req>ectively) in the endcap 1264a and ^liced to the couplers 1150, 1154. The 
couplers 1150, 1154 along with their corresponding splices, as well as the fibers 
1130, 1160 may thai be placed into one of the halves. The fibers 1180 and 1222, 
in turn, may then be passed through thdr respective holes 1184, 1230 in the 
interlink 1296, specifically throu^ the endcap 1266a (see YIGURB 23). Ihe 
int^link 1296 and the endcap 1264a are flien be glued to the main body 1260a with 
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epoxy, and the fibers 1 130, 1 168 are glued into their respective holes using epoxy. 
(The epoxy herein may be a high lOTperature ahnninum fiUed cpoxy such as 
Cotionics 454B.) The interlink 1296 is then dipped in polyurrthane to fonn a th^ 
layw 1308 that enc^sulates the 6bers 1130, 1160 to keep the fibers in a fixed 
position O-e., the fibers are *1iard potted"). The telanetry can 1104 may then be 
partially potted using qx>xy (or gtae may be used) to keq> the coi^)1cts 1 150, 1 1 54 
and thcff corresponding splices from being jostled and damaged during operation. 
The two halves may thai be sealed together at ambient pressure with epoxy to 
form ttie telemetry can 1 104, whidi is enable of withstanding hydrostatic pressure 
and protecting the couplers 1 1 50, 1 1 54 wWdi are positioned dierein. 

The reference mandrel 1110 and the soising mandrels 1120, 1122 are 
advantageously assembled in a simihr fashion, excq>t Aat it is not necessary to 
b^ the assembly procedure with halves of a main body, (tn the case of the 
refaencemandrd 1110, the hydn^hone couplers 1192, 1218 may be inserted into 
the refCTcnce mandrel fhrougji one of its ©ods before the reference mandrd is 
sealed with its endcaps. The seising mandrds 1 120, 1 122, cm flie other hand, do 
not house optical components.) The reference fibCT 1 196 and the saising fiber 
1198 are wrapped around the refoCTce mandrel and the sensing mandrel, 
respectively. The referoice mandrel 1 110 and the sensmg mandrels 1 120, 1122 are 
likewise sealed at ambiait pressure and can withstand voy large hydrostatic 
pressures, hi the case of the refoence mandrel 1 1 10, the cover 1270 may be placed 
over the reforace mandrel 11 10 to act as a pressure buffer, as discussed above. 

Once the assembly of the soisor 1002 (see HGURES 16 and 19) is 
complete, flie intoriinks 1296 of the sensor 1002 are advantageously surrounded by 
the spring monbeis 1080 (see FIGfURE 18) for additional piotectioxi against flie 
strains and stresses that may be encount^ed during deployment and' operaticHi of 
flie hydrophone 1000- Followmg assembly ofthe flanges 1040 and flieir associated 
stress relief wires 1050 around the sensor 1002, a matoial such as polyurelhane 
(e.g., the PRC 1547 from Couitaulds Aerospace, discussed above) may be molded 
around the sensor 1002, the spring membCTS 1080, the ^ring 1060, the flanges 
1040, and the sfress relief wires 1050 to form the filler mranbCT 1012 so that the 
hydrophone 1000 is well shielded from the harsh chemical and mechanical 
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conditions associated with down hole ai^lications. As a result of fiiis molding 
procedure, the interlinks 1296 are well surrounded by poIyurethane» since 
polyurethane is also advantageously used to construct the interlinks, as discussed 
above, hi this manner, the fibers 1 180, 1230, 1 196, 1 198 are embedded m flexible 
interfinks 1296 which have the pitdi and tensicm necessary to survive tfie bending 
encountered during dq>loymeQt and handling of the cable 1004. 

The molding procedures disclosed herein Qn connection wifli, for example^ 
fhe interlink 1296 or die hydrophone 1000) may be performed by placing a mold 
around the object to be encased and thm pulling a vacuum on that object The 
object may be heated to 140 for 10*15 miinites before polyurethane is injected 
around it. Afl^ injecting polyurethane around the object, the vacuum may be 
maintained for 15*20 minutes to degas the polyur^hane. The polyurethane may 
then be cured for 14 hours at 40-70 psi and 140 ^'F before the mold is removed. 

The use of polyurethane in the various componoits disclosed herdn (e.g., 
the filler member 1012 and the interlink 1296) limits use of the hydrophone 1000 
to temperatures up to about 150 Teflon or Viton may be substituted for 
polyurethane, howev^, and diese mat^als may be used up to sibout 220 The 
optical coiq^lers and adhesives herein may function up to temprntures of 200 or 
even 220 

System Performance 

The acoustic smang system 100 of the present invention may include 
numerous acoustic sensors S1-S192. The embodiments described above include 
96 and 192 srasors S1-S192, respectively, as wdl as 96 and 192 channds in the 
processing electronics 304 for processing the output of the 96 or 192 sensors. 
Having a large number of smsois S1-S192 offers a significant improvonetit over 
prior art systems* For example, having a large number of sensors S1-S192 
increases the potential resolution of measurements such as ooss-well tomognphy 
and also dramatically reduces fhe time required to conq>lete a geological surv^. 

The acoustic sensing system 100 of the presort invention offm other 
advantages over the prior art TABLE V provides a summary of the p^ormance 
and specifications of the acoustic srasing system 100 described above comprising 
96 Sbcc optic scDSOTS S1-S96. The acoustic sensing array 602 of the present 
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invention, however, is not limited to 96 or 192 sensors S1-S192 but may include as 
many as 400 sensors. 

As discussed above, the acoustic array 602 is small enou^ to fit into 
production tubing. The cable 202 shown in FIGURE 2 can be insorted in 
production tubing having an inuCT diameter of two inches and even in {»odnction 
tubing having an inner diamet^ of L25 inches. The cable 202 in the embodiment 
described above witti 96 scdsois has an outer diamet^ of 1 .22 inches and includes 
annoring. Thus^ the acoustic array 602 can be mscrted in the production tubi^ 
the casing of a well 118 raflier than requiring rranoval of the producticxi tulnng to 
fit the cable in the ca^g. 

The acoustic sensing Systran 100 of the i^esent invention is rugged enough 
to operate in the harsb downhole environmenL The cable 202 can be inserted in a 
well 118 to a depth of ovw 10,000 feet whae the tonperature is over 150*C and 
the pressure is over 5 ,500 pounds per square inch. 

The acoustic soismg system 100 of flie present invraition has a large 
enough bandwidth to pCTform real time sensing of the acoustic wave, including 
processing the ou^ut of the acoustic sensors S1-S192 and outputling data in 
conventional seismic format Since the acoustic sensors are optical sensors, they 
do not limit the bandwidth of the syston. Rather, the bandwidth is limited by the 
bandwidth of the processing electronics 304. However, the processing electronics 
304 is fast enough to measure the acoustic vibration produced by an acoustic 
source 130 and pOTnit viewing ofthe results soon thereafter. Gonsequmtly^ if data 
are to be acquired, pDOcessed, and ou^nitted in real time and in a format that &e 
surveyor can read, the surveyor can modify the survey based on tibe results bdng 
generated. For example, if the data appears to mdicate the possible presence of an 
m-place reserve, the acoustic source 1 30 and/or acoustic scasot array 602 could be 
rq>ositioned for fiirtfaer investigation. 

In contrast, limitations on speed and bandwidth prevent conventional 
acoustic sensor arrays fiom achieving real time processing. Rather, once 
measurements are taken, data is recorded on magnetic tape and is tran^rted to a 
location away fiom the well 11 8 or drill site for processing. 
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In addition to being fast» the acoustic sensor system 100 of the present 
invention has a low acoustic noise floor. In paiticular, the integrated RMS acoustic 
noise over the detection bandwidth is 0.1 mioobar RMS. 

The acoustic s«s« system 100 of flie presait invention also has a wide 
dynamic ranges Large voltage ou4>uts for small acoustic signals enable the system 
to sojse and reccad small amplitude accyustic waves 102. At flie same time» die 
systCTi is able to saase and recwd kagB amplitude acoustic waves 102. 
Specifically, the embodiment desoibed above: having 96 sosois S1-S96 has an 
instantaneous dynamic range of 132 decibels (dB) for the acoustic band ranging 
fiom 1 Hz to 400 Hz and has an in^taneous dynamic range of 120 dB fiv die 
acoustic band ranging fixnn 401 Hz to 1000 Hz. 
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TABLE V 




Nrnnber of Acoustic Channels 

96 

Expandable to 192 


10,000 feet 


Array l^dic L^Dgm 

500 feet 


/vrray caoic j-nanjcici 

1^2 inches 

Indndes armoring 


in excess of 5500 p.s.i. 


upcraimg idupcraiurc 

m excess of 150^C 





Noise Floor 

ClmbarRMS 


Instantaneous Djmamic Range 

1,7 A UD 

^^numunt from 1 Hz to 
400 Hz 


120 dB 

Mininnun from 401 Hz to 
1000 Hz 

Distoition 

-80 dB 


Crosstalk 

>S5dB 


Acoustic Passband 

1 Hz to 1440 Hz 


Rqyple 



Cbannel-to-diannel 

+/-0.34dB 


Output Data San^le Rate 

4kHz,21cHz,lkHz,and 
500 Hz 

Selectable 

Ou4>ut Data Fonnat 

SEG-DRcv.2 


Output Data Resolution 

24 bits 

Fixed point 




AuxiHaiy Channeb 

16 


Iiqnit Signal Amplitude 

III viA^ uj peaKj 


Maxinannn Input Frequency 

1.5 mz 


Sample Rate 

4kHz ' 


Resolution 

16 bits 


External Sync 

10 msec 

I5i-directional rii. or 
switch dosine 

Electronics Cabins 

48" X 19" X IT'; 
less than 250 lbs. 

AC powered 

GPS Capability 

Inchided 

1575 MHz antenna 

GanunaTool 

Inchided 
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The acoustic sensor system 100 minimizes crosstalk between signals of a 
different wavelength. The crosstalk of the system having 96 smsors S1-S96 is -85 
dB. 

The acoustic sensor syston 100 also minimizes distortion. The distortion 
of the system having 96 sensc»s S1-S96 is -80 dB. 

The acoustic sensor system 100 has an acoustic bandpass between 1 Hz and 
1440 Hz. Accordingly, frequmcy components between 1 Hz to 1440 Hz of the 
acoustic wave are sensed by the system 100. 

The acoustic sensor system 100 outputs data in SEG-D REV.2 format, a 
convoitional format complying with standards set by the Society of Exploration 
Geophysidsts fliat is well know in the art. The acoustic seosra* system 100 also can 
output data at a sample rate of 500 Hz, 1 kHz, 2 kHz, and 4 fflz H)on the user's 
selection. The output data resolution is 24 bits. 

As described above, the system 100 can accept auxiliary channels. The 
embodimrat described above having 96 sensors S1-S96 can accept sixteen single- 
ended auxiliary channels or eight difT^ential auxiliary channels. These auxiliary 
channels have a marimiiwi input frequency of 1.5 kHz. These channels are 
sanq;>led at a rate of 4 kHz and with a resolution of sixteen bits. 

The system 100 also accepts an external sync pulse. The embodiment 
described above having 96 sensc^s S1-S96 accepts a 10-millisecond long external 
syiMJ pulse. This sync pulse can be generated using bi-directional TTL (i-c., with 
active pull-up and active pull-down) or switch closure (Le^ active pull-down with 
resistive pnll-iq)). 

As described above, the acoustic sensing system 100 preferably comprises a 
GPS syston 628. The acoustic sensing system 100 additionally may comprise a 
gamma tool Gamma tools, which are well known in the art, are used to measure 
the depth of the cable by counting markers on the casing as discussed above. 

One additional advantage provided by the acoustic sensing system 100 of 
the present invention is that this system is significantly less seusitive to tube waves 
than conventional systems. A tube wave, as is well known m the art, corresponds 
to acoustic waves traveling up and down the borehole 124, either through the metal 
casing or tbmugh water in the bore hole. During data acquisition, the acoustic 
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sensing system 100 of the present invention advantageously is less affected by tube 
waves than conventional acoustic sensing systems. 

Although the acoustic sensing system 100 of the present invention has been 
desCTibed in the downhole environment for the purpose of geophysical surveys 
deigned to locate oil reserves, its use is not so limited. This acoustic sensing 
systCTi 100 of flie presoit invention may be othorwise employed to measure 
acousdc vibrations at a series of remote locations. 

More generally, the presoit invention may be fflibodied in other q>ecific 
forms without departing from the essential charactmstics described herein. The 
embodimoits described above are to be considered in all respects as illustrative 
only and not restrictive in any manner. The scope of flic invention is, therefore, 
indicated by the following claims rather than flie foregoing desmption. Any and 
all changes which come within the meaning and range of equivaloicy of the claims 
are to be considered in their scope. 
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WHAT IS CLAIMED IS : 

1. A hydrophone (1000) for sensing acoustic signals in a harsh 
environment, comprising: 

an iiq>ut optical fiber (1180) that receives an input optical signal 
(1 132) from an optical source; 

an input hydrophone couplo* (1 192) that couples the input optical 
signal (1 132) to a refermce fiber (1 196) and to a sensing fiber (1 198); 

a reference mandrel (1110) onto which the reference fiber (1 196) is 
wound, the refoence mandrel (1110) being substantially insensitive to the 
acoustic signals to reduce the effect of the acoustic signals on the reference 
fiber (1196); 

at least one sensing mandrel (1 120) onto which the sensing fib^ 
(1198) is wound, the sensing mandrel (1120) being responsive to the 
acoustic signals and coiq>ling the acoustic signals to the sensing fiber 
(1198) by causing the sensing Sber (1 198) to change in loigth in response 
to the acoustic agnals, the sensing mandrel (1120) conqprising a material 
selected to wiflistand a pressure of at least 5,000 pounds per square inch 
and a tempoature of at least 130 d^;rees Celsius; 

an ou^ut hydrophone coupler (1218) that recdves an optical signal 
fiom the reference fibcar (1196) and receives an optical signal from the 
sensing fibCT (1198), the ou^ut hydrophone coupler (1218) producing an 
output signal to an output optical fiber (1222); and 

a protective layer (1008) around the reference mandrel (1 1 10) and 
the sensing mandrel (1 120) to protect the reference mandrel (1110) and the 
sensing mandrel (1 120) fiom a corrosive enviiomnent 

2. A hydrophone (1000) for sensing acoustic signals in a harsh 
environment, comprising: 

an iiq>ut optical fiber (1180) tfiat receives an irq>ut opHcai signal 
(1 1 32) from an (q>tical source; 

an input hydrophone coupler (1 192) that couples die input optica] 
signal (1 132) to a referrace fib^ (1 196) and to a sensing fiber (1 198); 
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a reference mandrel (1110) onto which the reference fiber (1 196) is 
wound, the referrace mandrel (1110) being substantially insensitive to the 
acoustic signals to reduce the effect of the acoustic dgnals on the reference 
fiber (1196); 

at least one saising mandrel (1120) onto which the sensing fiber 
(1198) is wound, the sensing mandrel (1120) bcdng responsive to the 
acoustic signals and coiq>ling the acoustic signals to the sensing Gber 
(1 198) by causing the sensing fiber (1 198) to diange in length in response 
to the acQUStic signals^ the sensing mandrel (1120) comprising a material 
sdected to withstand a pressure of at least 8»000 pounds per square inch 
and a temperature of at least 110 degrees Celsius; 

an output hydrophone coupler (1218) that receives an optical signal 
from the reference fibCT (1196) and receives an optical signal from the 
smsing fiber (1198), the output hydrophone coupler (1218) producing an 
output signal to an output optical fiber (1222); and 

a protective layo* (1008) around the reference niandrel (1110) and 
the sensing mandrel (1 120) to protect the referaice mandrel (1 1 10) and the 
sensing mandrel (1 120) fiom a corrosive environment. 

3. The hydrophone (1000) of Claim 1 or 2, wherein the protective 
lay^ (1008) has a unifonn outside diameter of less than qqnoximately 1 .5 inches. 

4. The hydrophone (1000) of Claim 3, wherein the protective layer 
(1008) hias a unifonn outside diameter of less than appioxhnaldy 1.37S indies. 

5. The hydn^one (1000) of Claim 4, whraein the protective layer 
(1008) has a unifomi outside diameter of less than approximately 1 indi. 

6. The hydrophone (1000) of Claim 1 or 2, wherein said tempCTature is 
at least 150 degrees Celsius. 

7. The hydrophone (1000) of Claim 1 or 2, wherein said tonpmture is 
at least 1 80 degrees Celsius. 

8. The hydrophone (1000) of Claim 1 or 2, wherein the reference fiber 
(1 1 96) and the sensing fiber (1 1 98) fomi a Mach-Zehnder interfoomet^. 


-66- 


CA 02320449 2000-09-21 

9. The hydrophone (1 000) of Claim 1 or 2, wherem the reference fiber 
(1 196) and the sensing fiba- (1 198) form a Michelson interferometer. 

10. The hydrophone (1000) of Claim 1 or 2, wherein the smsing fiber 
(1 198) forms a Fabry-Perot interfaometer. 

1 1 . The hydrophone (1000) of Claim 1 2» wherein the sensing fib^ 
(1 198) forms a Sagnac interferomet^. 

12. The hydrophone (1000) of Claim 1 or 2, wherein the protective 
Isyct (1008) comprises a matmal having a softening point of at least 1 80 

13. The hydrophone (1000) of Claim 1 or 2, wherem the hydrophone 
(1000) is sufiSciently flexible to be bent to a radius of cunrature of less than 
approximately four fe^ 

14. The hydrophone (1000) of Claim 1 or 2, wh^ein the material is a 
plastic material having a maximmn continuous service tenq>erature in air of at least 
about 500 ""F and a tensile strength'(measured at 73 ^F) of at least about 23,000- 
24,000 psi. 

15. The hydrophone (1000) of Claim 1 or 2, further comprismg a 
telemetry can (1 104) that houses an input telcan^iy coijpler (1 150) and an output 
telemetry coupler (1 154), wherdn the input telemetry coupler (1 150) receives the 
input optical signal (1 132) from a distribution fiber (1 130) and couples a portion of 
the input optical sigoal (1132) to the input optical fiber (1180), and the ou^ut 
telemetry couple (1 154) coiq>les the ou^ut optical signal to a return fiber (1 160). 

16. The hydrophone (1000) of Claim 1 or 2, wfaoein die input 
hydrophone coiq>ler (1192) and the ou^ut hydn>ph(me coupler (1218) are boused 
within the reference mandrel (1 1 10). 

17. The hydrophone (1 000) of Claim 1 or 2, further comprising: 

a first flange (1040) and a second flange (1040), the flanges (1040) located 
near re^ective ends of the hydrophone (1000); and 

a stress relief mechanism (1050) positioned between the first flange (1040) 
and the second flange (1040) to translate axial load between the first flange (1040) 
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and the second flange (1040), such that the reference mandrel (1 1 10), the sensing 
mandrel (1120X the reference fib^ (1 196), and the sensing fiber (1198) are 
substantially isolated from the axial load 

18. The hydrophone (1000) of Claim 17, wherein the stress relief 
mechanism (1050) includes wires. 

19. The hydrophone (1000) of Claim 1 or 2, contprising a second 
sensing mandrel (1 1 22). 

20. The hydrophone (1000) of Claim 1 or 2, wherein the srasing 
mandrel (1 120) and the refnoice mandrel (1110) include convex-shaped «dcq>5 
(1264b, 1266b, 1264c, 1266c). 

21. The hydrophone (1000) of Claim 20, wh^ein the convex-sh^ed 
mdcaps (1264b, 1266b, 1264c, 1266c) include hemispherically-5hq>ed radcaps. 

22. The hydrophone (1000) of Claim 1 or 2, wherein the sensing 
mandrel (1 1 20) and the reference mandrel (1 1 10) are aligned oid-to-aid to reduce 
die profile of the hydrophone (1 000). 

23. The hydrophone (1000) of Claim 1 or 2, fiuifa^ comprising a cover 
over (1270) the reference mandrel (1110), the covct (1270) acting as a pressure 
buffer to reduce the sensitivity of the ref^ence mandrel (1 1 10) to acoustic signals. 

24. The hydrophone (1000) of Qaim 1 or 2, further conqirising a 
flexible interlink (1296) between the refo^ce mandrel (1110) and the sen^g 
mandrel (1 120), the interlink (1296). designed to receive and protect at least one of 
the fibers fiom damage. 

25. The hydrophone (1000) of Oaim 24, whorein said at least one of the 
fibers is the sensing fib^ (1 1 98). 

26. The hydrophone (1000) of Qaim 24, wherein the interlink (1296) is 
hard-potted. 

27. The hydrophone (1000) of Claim 24, whwein the interlink (1296) 
comprises polyurethane. 
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